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In this work, stimuli-responsive polymer based nanoparticles were synthesized via 
three versatile techniques for fabrication of core-shell nanoparticles: self-assembly of 
amphphilic copolymers, “graft-to” method and “graft-from” method. 
 
For the self-assembly of amphiphilic copolymers, well-defined “comb-like” graft 
copolymers, P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc), were first synthesized 
(P(NVK)= poly(N-vinylcarbazole); P(VBC)= poly(4-vinylbenzyl chloride); 
P(DMAEMA)= poly((2-dimethylamino)ethyl methacrylate); P(AAc)= poly(acrylic 
acid)). The P(NVK-co-VBC) copolymer backbone was prepared via free radical 
polymerization of NVK and VBC monomers. The side chains comprising of random 
copolymers of DMAEMA and tert-butyl acrylate (tBA) with controlled length and 
molecular composition were synthesized by “grafting from” the P(NVK-co-VBC) 
backbone, using the VBC units as the ATRP macroinitiators. The 
P(DMAEMA-co-AAc) copolymer side chains were subsequently obtained by the 
hydrolysis of the tert-butyl groups of tBA units. The pH-sensitive 
P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) comb-like graft copolymers is 
water-soluble and can be self-assembled in aqueous media into hollow vesicles with 
multi-walls, arising from the acid-base interaction of the AAc and DMAEMA units in 
the side chains. In addition to the unique molecular architecture, the copolymer 
vesicles exhibit reversible pH-dependence in size and fluorescence intensity in 
aqueous media. The vesicular morphology of the copolymer can be tuned by pH of the 
medium, the length of the hydrophilic P(DMAEMA-co-AAc) side chains, and the 
concentration of the copolymer solution. In comparison, 
P(NVK-co-VBC)-comb-P(NIPAAm-co-DMAEMA) comb-like graft copolymers were 
 vii
prepared (P(NIPAAm)= poly(N-isopropylacrylamide)).  The 
P(NVK-co-VBC)-comb-P(NIPAAm-co-DMAEMA) graft copolymers have the same 
P(NVK-co-VBC) copolymer backbone as the 
P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) copolymers. The 
P(NIPAAm-co-DMAEMA) copolymer side chains of controlled length were 
synthesized via the ATRP of NIPAAm and DMAEMA monomers, using the VBC units 
of the backbone as the ATRP initiators. The pH- and temperature-responsive hollow 
spherical nanoparticles self-assembled from the comb-like graft copolymer 
P(NVK-co-VBC)-comb-P(NIPAAm-co-DMAEMA) are single-shelled due to the 
absence of acid-base side chain interaction.  
 
Furthermore, P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) comb-like graft 
copolymers were synthesized (P(MPS)= poly(3-(trimethoxysilyl)propyl methacrylate)). 
The P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) graft copolymers contain the 
same P(NVK-co-VBC) copolymer backbone as the 
P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) copolymers. The 
P(DMAEMA-co-MPS) copolymer side chains of controlled length were synthesized 
via the ATRP of DMAEMA and MPS monomers by “grafting from” the 
P(NVK-co-VBC) backbone, using the VBC units as the ATRP macroinitiators. The 
self-assembled hollow spherical nanoparticles from the pH- and 
temperature-responsive P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) copolymers 
were obtained in a tetrahydrofuran (THF)/water binary solvent. Gelation of the MPS 
units forms a polysilsesquioxane network in the shell of hollow nanospheres, giving 
rise to the shape-stable organic-inorganic hybrid hollow nanostructures. The size of the 
hybrid hollow nanoparticles can be tuned by pH and temperature of the dispersion 
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medium and the length of the hydrophilic P(DMAEMA-co-MPS) side chains of the 
copolymers. In addition to the well-defined molecular architecture and morphology, 
the hybrid nanospheres also exhibit reversible pH- and temperature-dependence in 
fluorescence intensity in aqueous media.  
 
For the “graft-to” approach, temperature- and pH-responsive fluorescent copolymers 
P(DMAEMA-co-4VP) (P(4VP)= poly(4-vinylpyridine)) were first synthesized via 
ATRP, using a pyrene-containing fluorescent ATRP initiator. In aqueous media, 
P(DMAEMA-co-4VP) copolymers exhibit controllable switching in fluorescence 
intensity within the pH window of 1 to 9, as well as in a heating–cooling cycle 
between 20 oC and 40 oC, suggesting their potential application as optical sensing 
materials. The copolymers were then treated by NaN3 to produce azide-functionalized 
groups. The azide-functionalized P(DMAEMA-co-4VP) copolymers were 
subsequently grafted to the surface of alkyne-functionalized mesoporous silica 
nanospheres (MSNs) via alkyne-azide “click chemistry” in the presence of copper (I) 
catalyst, giving rise to well-defined pH- and temperature-responsive fluorescent MSNs. 
The resultant stimuli-responsive fluorescent MSNs can be used for potential 
applications as controlled storage and release system. 
  
Click chemistry was then extended to the surface functionalization of Fe3O4 magnetic 
nanoparticles (MNPs) to prepare the magnetic metal/organic hybrid nanoparticles. 
MNPs, consisting of a Fe3O4 nanocore, a silica inner shell and dendritic poly(ester 
amine) (PEA) outer shell, were synthesized by the “graft-from” method. The silica 
inner shell was prepared via the inorganic sol-gel reaction of 
3-aminopropyltriethoxysilane (APS). The dendritic PEA (the third generation, G3) 
 ix
outer shell was subsequently grafted via successive Michael addition reaction and 
alkyne-azide click chemistry of propargyl acrylate and 
11-azido-3,6,9-trioxaundecan-1-amine (ATXDA), respectively. The grafted PEA 
dendrimer chains have “tree-like” branching structure with ester amine repeat units and 
alkyne-terminated groups. The so-obtained Fe3O4-silica-PEA hybrid nanoparticles 
exhibited good solubility in an aqueous medium and were superparamagnetic with a 
saturation magnetization (Ms) of 8.1 emu g-1. The Fe3O4-silica-PEA MNPs were 
pH-sensitive, leading to a pH-dependent hydrodynamic size in an aqueous medium. 
The Fe3O4-silica-PEA MNPs did not exhibit significant cytotoxicity towards 3T3 
fibroblasts and RAW macrophage cells after 24 h of incubation. The uptake of 
Fe3O4-silica-PEA MNPs by macrophage cells was low, even in cultures with a 
relatively high concentration of the MNPs (e.g. 1.0 mg mL-1), suggesting good 
biocompatibility of the MNPs and their potential biomaterial applications. In addition, 
the preservation of alkyne-terminated groups in the grafted PEA dendrimers allows 
further functionalization of the MNPs via alkyne-azide click reaction for multipurpose 
applications.  
 
“Metal-free” thiol-yne click chemistry was also utilized to synthesize magnetic 
metal/organic hybrid nanoparticles. The 3-aminopropyltriethoxysilane (APS) was first 
coupled to the surface of Fe3O4 nanocores via a sol-gel reaction, giving rise to the 
amine-terminated magnetic nanocores. A dendritic poly(thiolester amine) (PTEA) shell 
was then grafted to the amine-terminated magnetic nanocores via alternating Michael 
addition and thiol-yne click chemistry of propargyl acrylate and cysteamine, 
respectively. The grafted PTEA dendrimer chains have “tree-like” branching structure 
with thiolester amine repeat units and alkyne-terminated groups. Mannose was 
 x
subsequently clicked onto the PTEA dendrimer (the fourth generation, G4)-grafted 
MNPs via the thiol-yne click reaction between the thiolated mannose (2-mercaptoethyl 
α-D-mannopyranoside) and the perserved alkyne groups of the G4 dendrimer. The 
so-obtained Fe3O4-g-G4-mannose MNPs possessed a good solubility in an aqueous 
medium and were superparamagnetic with a Ms of 30.9 emu g-1. The 
Fe3O4-g-G4-mannose MNPs were pH-sensitive, leading to a controlled hydrodynamic 
size in the aqueous medium of pH 3-9. The Fe3O4-g-G4-mannose MNPs, as well as the 
PTEA dendrimer-functionalized MNPs, did not exhibit significant cytotoxicity towards 
3T3 fibroblasts and RAW macrophage cells after 24 h of incubation, suggesting their 
good biocompatibility. In addition, the Fe3O4-g-G4-mannose MNPs show specific 
binding ability to concanavalin A (ConA), indicating their potential biomaterial 
applications as lectin separation or recognition agents. The “metal-free” synthesis 
method of successive Michael addition reaction and thiol-yne click chemistry can be 
applied for the functionalization of different substrates with PTEA dendrimers and 





AAc: acrylic acid 
AIBN: 2,2’-azobisisobutyronitrile 
APMA: N-(3-aminopropyl)methacrylamide 
ATRP: atom transfer radical polymerization 
CIPAAm: 2-carboxyisopropylacrylamide 
CLRP: controlled/living radical polymerization  
CMC: critical micelle concentration 
CMT: critical micelle temperature  
CTA: chain transfer agent 
DEAAm: N,N’-diethylacrylamide 
DEAEMA: N,N-diethyl aminoethyl methacrylate 
DMAEMA: (2-dimethylamino)ethyl methacrylate 
DMF: N,N-dimethyl formamide  
DMP: 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid  
DPAEMA: 2-(diisopropylamino)ethyl methacrylate 
DEPN: N-tert-butyl-N-(1-diethyl phosphono-2,2-dimethyl propyl) nitroxide 
EGDMA: ethylene glycol dimethacrylate  
GOx: glucose oxidase 
LbL: layer-by-layer  
LCST: lower critical solution temperature 
MAAc: methacrylic acid 
MEMA: 2-N-(morpholino)ethyl methacrylate 
MMA: methyl methacrylate 
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MNP: magnetic nanoparticle 
MPS: 3-(trimethoxysilyl)propyl methacrylate 
MPC: 2-methacryloyloxyethyl phosphorylcholine 
MSN: mesoporous silica nanosphere 
MVE: methyl vinyl ether 
Mn: number-average molecular weight  
Ms: saturation magnetization 
Mw: weight-average molecular weight  
NIPAAm: N-isopropylacrylamide 
NMRP: nitroxide-mediated radical polymerization  
NVK: N-vinylcarbazole 
PDI: polydispersity  
PEA: poly(ester amine) 
PEG: poly(ethylene glycol)  
PEO: poly(ethylene oxide) 
PPO: poly(propylene oxide) 
PPy: polypyrrole 
PS: polystyrene 
PTEA: poly(thiolester amine) 
RAFT: reversible addition–fragmentation chain transfer 
SCL: shell cross-linked 
SI-ATRP: surface-initiated atom transfer radical polymerization 
THF: tetrahydrofuran 
VBA: 4-vinylbenzoic acid 
VBC: 4-vinylbenzyl chloride 
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Fe3O4-g-G4-mannose MNPs in aqueous media. 
 
Figure 6.9 Effect of the Fe3O4-g-G4-mannose MNPs on the viability of 3T3 
fibroblasts and RAW macrophage cells. 
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Figure 6.10 Effect of time on the UV-visible absorption spectra of PBS solutions of 
Fe3O4-g-G4-mannose MNPs in the presence of 0.1 µM of ConA. The inset shows the 
UV-visible absorption spectrum of 0.1 µM of free ConA in PBS. 
 
Figure 6.11 Photographs of PBS solutions of Fe3O4-g-G4-mannose MNPs (a) before 
and (b) after addition of 0.1 µM of ConA in the presence of a permanent magnet. (c)  
Schematic illustration of the binding and aggregation of Fe3O4-g-G4-mannose MNPs 
in the presence of ConA. 
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Nanoparticles with stimuli-responsive properties have been extensively investigated. 
Stimuli-responsive polymers, which are also classified as “smart” polymers, are of 
great importance to the fabrication of responsive systems. Smart polymers can 
self-assemble into polymeric nano-scaled micelles or vesicles, or can be introduced 
onto the surface of inorganic nanoparticles to prepare inorganic/organic hybrid systems 
with tailored functionalities. With different fabrication techniques, the 
stimuli-responsive polymers can function as the principal materials of construction or 
the functional surface-grafting layer of responsive nanoparticles. 
 
In this thesis, self-assembly of amphiphilic copolymers, “graft-to” and “graft-from” 
methods were utilized to synthesize stimuli-responsive nanoparticles. Well-defined 
amphiphilic comb-like graft copolymers were synthesized via atom transfer radical 
polymerization (ATRP) and were self-assembled into multifunctional hollow 
polymeric nanoparticles with controlled morphologies. In addition, “graft-to” method 
was used to synthesize inorganic/organic hybrid nanoparticles, which consist of 
mesoporous silica nanosphere as the nanocore and stimuli-responsive linear 
copolymers as organic brushes. In this approach, the linear copolymers were prepared 
via ATRP and subsequently grafted on the mesoporous silica nanocore via 
alkyne-azide click chemistry. Finally, “graft-from” method was utilized to fabricate 
superparamagnetic core-shell nanoparticles, which compose of the Fe3O4 magnetic 
nanoparticle as nanocore and responsive dendritic polymers as organic outer layer. In 
this approach, copper (I)-catalyzed alkyne-azide click reaction and “metal-free” 




Chapter 2 presents an overview of the stimuli-responsive polymers, the methodologies 
for synthesis of stimuli-responsive polymers and the techniques for preparation of 
smart polymer based nanoparticles. 
 
In Chapter 3, well-defined comb-like graft copolymers, consisting of a fluorescent 
hydrophobic poly((N-vinylcarbazole)-co-(4-vinylbenzyl chloride)) (P(NVK-co-VBC)) 
copolymer backbone and pH-responsive hydrophilic poly(((2-dimethylamino)ethyl 
methacrylate)-co-(acrylic acid)) (P(DMAEMA-co-AAc)) copolymer side chains of 
controlled length, were synthesized. The amphiphilic copolymers can self-assemble 
into hollow vesicles with “onion-like” multi-walls in aqueous media of a certain 
concentration range through acid-base interaction of the side chains. In comparison, 
amphiphilic comb-like copolymers, consisting of the same hydrophobic 
P(NVK-co-VBC) backbone, albeit with non-interacting hydrophilic 
P(NIPAAm-co-DMAEMA) (NIPAAm= N-isopropylacrylamide) copolymer side 
chains, can self-assemble only into hollow nanoparticles of single-shell in aqueous 
media. In addition, the preparation of inorganic/organic hybrid nanoparticles via 
self-assembly and gelation from P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) 
(MPS= 3-(trimethoxysilyl)propyl methacrylate) copolymers was also investigated. The 
pH- and thermo-responsive morphology and optical properties of the resulting hybrid 
hollow nanospheres were investigated to evaluate their applications as polymeric 
capsules and sensory materials. 
 
Chapter 4 reports on the design and preparation of stimuli-responsive hybrid 
mesoporous silica nanoparticles (MSNs). Temperature- and pH-responsive fluorescent 
P(DMAEMA)-co-P(4VP) (4VP= 4-vinylpyridine) copolymers were synthesized 
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initially, followed by the grafting to the MSNs via alkyne-azide click chemistry. The 
resultant hybrid nanoparticle consists of a solid inorganic MSN nanocore and 
stimuli-responsive copolymer brushes. 
 
In Chapter 5, a combined approach of inorganic sol-gel reaction, and successive 
Michael addition and alkyne-azide click chemistry was used to produce 
multifunctional hybrid magnetic nanoparticles (MNPs) of a magnetic nanocore, a silica 
inner shell and an organic outer shell of  poly(ester amine) (PEA) dendrimer. The 
surface properties, cytotoxicity, and further surface functionalization via alkyne-azide 
click reaction of the PEA dendrimer-grafted MNPs were investigated. 
 
Chapter 6 describes the synthesis of poly(thiolester amine) (PTEA) dendrimer-grafted 
Fe3O4 MNPs. The Fe3O4 MNPs was first coated with an amine-terminated silica shell 
via inorganic sol-gel reaction, and then grafted with PTEA dendrimer via the 
alternating Michael addition and thiol-yne click chemistry. Mannose was subsequently 
covalently tethered on the PTEA dendrimer-grafted Fe3O4 MNPs via thiol-yne click 
chemistry to further functionalize the surface of MNPs. The surface properties, 
















2.1 Stimuli-Responsive Polymers 
Stimuli-responsive polymers, which can respond in a dramatic way to a very minor 
change in their environment, are also called “smart” polymers. The “response” of a 
polymer can appear in various ways. Stimuli-responsive polymers are typically defined 
as those that can change their solubility, individual chain dimensions/size, secondary 
structure, or the degree of intermolecular association in solution. In most cases, the 
physical or chemical stimuli that lead to the responses are based on the functional 
moieties pendant to the polymer backbone which is sensitive to the environmental 
changes. Most of these stimuli-induced responses are limited to formation or 
destruction of secondary forces, such as hydrogen bonding, hydrophobic effects and 
electrostatic interactions, or simple reactions, such as acid–base reactions and 
oxidation-reduction reactions.  
 
Stimuli-responsive polymers are often prepared for a wide range of applications, such 
as responsive biointerfaces that have similar function to natural surfaces (Raynor et al., 
2009, Xu et al., 2009); coatings that are able to interact with and respond to the 
environment (Chen et al., 2010, Pichot, 2004); controlled drug delivery and release 
systems (McInnes and Voelcker, 2009, Ozaydin-Ince et al., 2011); thin films and 
particles that are able to detect minute concentrations of analytes (Liu and Liu, 2011, 
Mistlberger et al., 2010, Wang et al., 2011); and composite materials that mimic and 
actuate the action of muscles (Kushner et al., 2009, Neiman and Varghese, 2011, 
Yoshida, 2005). The most widely-used classes of stimuli-responsive polymers are 
temperature-responsive polymers and pH-responsive polymers. Other types of 
stimuli-responsive polymers, such as light-responsive polymers, field-responsive 
polymers and biologically-responsive polymers, will be mentioned as well. 
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2.1.1 Temperature-Responsive Polymers 
Temperature is the most widely used stimulus in stimuli-responsive polymer systems. 
The change of temperature is not only relatively simple to control, but also easily 
applicable both in vivo and in vitro. The presence of a critical solution temperature, at 
which the phase of polymer irregularly changes in its solution (mostly in the aqueous 
medium), is one of the unique properties of temperature-responsive polymers. The 
temperature-sensitive materials are of special interest in the application fields of 
controlled drug delivery and gene delivery, cell and enzyme immobilization, 
bioconjugation, and protein dehydration process (Bajpai et al., 2008, Gil and Hudson, 
2004). 
 
The most studied synthetic responsive polymer is P(NIPAAm). It is hydrophilic in the 
aqueous medium below 32 oC and changes to hydrophobic state above 32 oC, 
exhibiting a sharp coil–globule transition in aqueous media with a lower critical 
solution temperature (LCST) of 32 oC. The phase transition arises from the entropic 
gain as water molecules associated with the pendant isopropyl moieties are released 
into the bulk aqueous phase as the temperature increases over the LCST (Yang and 
Cheng, 2006). Thus, the LCST of P(NIPAAm) polymer can be tuned by 
copolymerization with other ionic, hydrophilic or hydrophobic monomers. For 
example, the LCST of P(NIPAAm)-based materials can be adjusted to below or above 
37 oC (body temperature) by incorporation of co-monomer units, rendering these 
temperature-sensitive materials particularly suitable for biomedical applications 
(Schmitt et al., 1998, Yamato et al., 2001). In addition, copolymerization with other 
various functional monomers endows P(NIPAAm) with the ability to form chemically 
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incorporated bioconjugates with different biomacromolecules, and thus in turn expands 
its bioengineering applications (Laloyaux et al., 2010, Rzaev et al., 2007).  
 
Poly(N,N’-diethylacrylamide) (P(DEAAm)), another popular temperature responsive 
polymer having a similar chemical structure with P(NIPAAm), also has a LCST but in 
a broader range of 25–35 oC (Alenichev et al., 2007, Scherzinger et al., 2010). 
Poly(2-carboxyisopropylacrylamide) (P(CIPAAm)) is composed of both 
isopropylacrylamide groups and carboxyl groups. This polymer thus has the analogous 
temperature responsive behavior as PNIPAAm and the additional pH-sensitivity for its 
pendant groups (Ebara et al., 2003). 
 
Poly(methyl vinyl ether) (P(MVE)) has a LCST at about 37 °C with a typical type III 
demixing behavior, which makes it interesting for biomedical application (Goetz et al., 
2010, Zhang et al., 2009). The thermo-responsive properties of P(MVE) mainly result 
from its two kinds of functional groups: hydrophilic ether oxygens groups and 
hydrophobic moieties such as methyl groups. However, P(MVE) has to be synthesized 
by cationic polymerization using inert condition. Nucleophiles, such as alcohol or 
amino groups, cannot be tolerated during the synthesis, which limits the application of 
P(MVE). 
 
Many other polymers, such as poly(N-vinylcaprolactam) (Inoue et al., 1997), 
poly(N-vinylisobutylamide) (Suwa et al., 1998), poly(dimethylaminoethyl 
methacrylate) (Okubo et al., 1998), poly(N-ethyl oxazoline) (Rueda et al., 2005), 
poly(ethylene glycol) (PEG) or poly(ethylene oxide) (PEO) and poly(propylene oxide) 
(PPO) (Zentner et al., 2001), are among the important class of thermo-responsive 
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polymers with their respective LCSTs. These polymers are water-soluble and 
hydrophilic at low temperature but precipitate at high temperature above their LCSTs, 
exhibiting a coil–to-globule conformational transition in aqueous media. 
 
2.1.2 pH-Responsive Polymers 
In general, pH-responsive polymers contain ionizable functional groups as weak base 
of acid moieties that can respond to change in pH. As the environmental pH changes, 
the degree of ionization in a polymer containing ionizable groups is significantly 
changed at a specific pH which is called pKa (Gil and Hudson, 2004). By varying pH 
of the medium, the increasing electrostatic repulsion from the generated charge along 
the polymer backbone can result in an increase in the hydrodynamic volume of the 
polymer.  
 
pH-Responsive polymers form polyelectrolyte in the aqueous medium. There are two 
types of pH-responsive polyelectrolytes: polyacids and polybases. Poly(acrylic acid) 
(P(AAc)) and poly(methacrylic acid) (P(MAAc)) are classical weak polyacids 
containing the representative acidic pendant groups: carboxylic groups (Bousquet et al., 
2010, Guo et al., 2010). Their carboxylic groups accept protons at low pH, while 
release them at high pH. They can be positively ionized and dissolved in neutral or 
basic aqueous media, while become deionized and insoluble in an acidic environment. 
This pH-sensitive swelling and collapsing behavior can be used in biomedical 
applications such as controlled drug release. In addition, the acrylic polymers are of 
great importance in pharmaceutical applications due to the low cost of this kind of 
polymers and their adhesion to biological surfaces when being partially protonated. 
Polymers containing phosphoric acid or its derivatives, as well, are widely-used 
 10
polyacids for stimuli-responsive polymers (Yoshida and Uesusuki, 2005). 
 
On the other hand, basic pH-responsive polymers, including poly(amine)s (Sideratou 
et al., 2000), poly(pyridine)s (Sfika et al., 2004), poly(amide)s (Kurata and Dobashi, 
2004) and poly(imidazole)s (Molina et al., 2002), all have weak base groups. They 
become protonated in a low-pH medium and are rendered hydrophilic. Deprotonation 
at high pH can render them hydrophobic. In particular, P(DMAEMA), one of the 
poly(amine)s, is a favorite stimuli-responsive material because of its both temperature- 
and pH-sensitivity (Dai and Liu, 2011, Paris and Quijada-Garrido, 2010). 
P(DMAEMA) homopolymer has a pKa of about 7.0-7.3 in the aqueous medium and a 
relatively high LCST (higher than 40 oC) at pH 7. However, the LCST of P(DMAEMA) 
polymer is strongly dependent on its molecular weight, the environmental pH and the 
ionic concentration, etc., making it a widely-used multifunctional material.  
 
The poly(amidoamine)s are slightly different from the pH-responsive polymers 
described above since they have a amphoteric backbone which combines positive and 
negative charges within it (Khouri and Tam, 2010, Piest and Engbersen, 2010). The 
amphoteric backbone yields an expanded shape at acidic pH, and slowly collapses 
when pH reaches neutral. The amphoteric backbone endows these polymers with 
endosomolytic properties, which makes them very promising candidates in cancer 
therapy.  
 
2.1.3 Light-Responsive Polymers 
Light is a particularly attractive source of energy for use in controlling material 
properties in time and space because its intensity and wavelength can be easily 
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controlled through the use of filters. Most of light-responsive chemical moieties are 
responsive in the UV spectral range, which is generally not limited in an in vitro 
environment. The light-responsive polymers are of great interest because of the 
non-invasive and high spatiotemporal resolution character of light. 
 
In general, light-responsive polymers have light-sensitive moiety such as azobenzene 
and 2-nitrobenzyl groups as side groups or chain ends in the polymer backbone. 
Having been studied for more than 70 years, the azobenzene chromophore continues to 
present new and unique optical effects. Azobenzene groups are known to undergo a 
reversible isomerization from trans- to cis-state upon irradiation without generating 
side-products even with innumerable isomerization cycles, making this isomerization 
one of the cleanest photoreactions (Browne and Feringa, 2009, Yager and Barrett, 
2006). This isomerization also leads to extremely large changes in conformation and 
size. Thus, the light-responsive polymers are often used as biomaterials for drug 
delivery, the development of bio-friendly methods for light-controlled patterning of 
two-dimensional cellular substrates and three dimensional gels (Jochum et al., 2009, 
Katz and Burdick, 2010).  
 
2.1.4 Field-Responsive Polymers 
Field-responsive polymers generally show a reversible change of its rheological 
property by applying/removing an external field, such as electro- and magneto-field. 
They have been investigated as a form of networks or hydrogels to have bending, 
swelling or shrinking behavior in response to an external field (Minagawa and Koyama, 
2005). Electrical field-responsive polymers can be used for bio-related applications 
such as biomimetic actuators, artificial muscle or drug delivery systems. For example, 
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conductive polymer-hydrogel blends between polypyrrole (PPy) doped with an anionic 
drug and P(AAc) were reported for drug delivery in which the characteristic releases 
depend on the electrical field applied and the crosslinking ratio (Chansai and Sirivat, 
2009). A polythiophene-based conductive polymer gel actuator with 
expansion/contraction behavior when applied in an electrical field was developed 
(Irvin et al., 2001). The generated axial pressure by the expansion of the gel indicated 
that the generated closure pressures could be utilized as a small actuator valve. In a 
recent study, the application of filed-responsive polymers was extended to electronics 
filed (Bayer et al., 2008). By incorporating an organic high dielectric constant 
ferroelectric crystal (thiourea) in field-responsive polymers, radio frequency functional 
all-organic and solution-processable dielectric composites were successfully fabricated 
as high-kappa capacitor devices.  
 
In most cases, magnetic field-responsive materials were obtained by incorporating 
colloidal magnetic particles into functional polymer hydrogels or networks. An 
interesting approach was developed recently that tunable photonic structures were 
fabricated in alkanol solutions by assembling superparamagnetic silica-coated 
Fe3O4 colloidal nanocrystal clusters using magnetic fields (Ge and Yin, 2008). The 
ability to assemble the magnetic particles in nonaqueous solutions allows the 
fabrication of field-responsive polymer composite films for potential applications as 
displays or sensors.  
 
2.1.5 Biologically-Responsive Polymers 
Stimuli-responsive polymers are becoming increasingly important for biomedical 
applications. Therefore, great attention has been recently paid to the synthetic 
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polymers with responsive-functionality to dramatically alter their conformation and 
degree of self-assembly when exposed to biomacromolecules or biological small 
molecules. In most cases, this responsive behavior arises from the common functional 
groups in the polymer structure that are known to interact with biological species. On 
the other hand, this functionality can result from the conjugation between the synthetic 
polymers and the biological molecules. 
 
Glucose is a simple sugar and one of the fundamental carbohydrates in biology. It acts 
as a source of energy and a metabolic intermediate for cells. High concentration of 
glucose in blood by insufficient production or ineffective usage of insulin can result in 
a chronic disease, diabetes mellitus or commonly referred as diabetes. Polymer 
systems that respond to glucose are among the most commonly-used 
biologically-responsive polymer systems and have been intensively investigated due to 
a huge biomedical market potential. Traditional treatment involves regular monitoring 
of blood sugar concentrations and patients suffering diabetes usually need a supply of 
insulin several times per day, which often leads to poor compliance with the prescribed 
therapy. Glucose-responsive polymer systems provide a potential route to increase 
patient compliance by automatic insulin delivery when the concentration of glucose in 
blood rises. Most of reports dealing with glucose-responsive polymers were based on 
the enzymatic oxidation of glucose by glucose oxidase (GOx). The GOx-catalyzed 
reaction of glucose with oxygen generates byproducts of gluconic acid and H2O2. Thus, 
incorporation of stimuli-responsive polymers, which are sensitive to the byproducts, 
can indirectly lead to a glucose-responsive system. For example, hydrogels obtained 
by copolymerization of 2-hydroxyethyl methacrylate and DMAEMA, and 
immobilization of GOx and catalase were reported (Traitel et al., 2000). When the 
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concentration of glucose increases and excessive glucose was diffused into the 
hydrogel, the glucose was catalyzed to gluconic acid by GOx, resulting in a decrease in 
pH. The incorporated DMAEMA was then protonated and the hydrogel swelled by the 
increasing electrostatic repulsion force, giving rise to an increased network mesh size 
and consequent release of insulin from the matrix. The incorporated catalase plays a 
role to convert hydrogen peroxide to oxygen and reduce the hydrogen peroxide 
inhibition of glucose oxidase. The effectiveness of this glucose-responsive insulin 
release system in reducing blood glucose levels was confirmed by in vivo experiments 
on rats. 
 
Other important classes of biologically-responsive polymers that have attracted great 
interest recently are enzyme-responsive, antigen-responsive and redox/thiol-responsive 
polymers. Enzymes have interesting chemical and biological properties due to their 
uniquely high chemo- and enantio-selectivity, and capability to work under mild 
conditions present in vivo. Enzyme-responsive polymeric systems can undergo 
macroscopic property changes when triggered by the selective catalytic actions of 
enzymes.  
 
2.2 Preparation Methods for Stimuli-Responsive Polymers 
Radical polymerization has played an important role in the development of 
stimuli-responsive polymer synthesis because of its widespread applications in the 
preparation of polymer-based biomaterials. Conventional radical polymerizations, 
which are often called free radical processes, are the more commonly-used methods 
because a great deal of monomers is available. Typical monomers for radical 
polymerization are vinyl monomers, including acrylic acids, acrylates, amides 
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(acrylamides) and many others. Conventional radical polymerizations can be 
conducted under a wide range of reaction conditions, such as bulk, solution, emulsion 
and suspension processes. However, the main drawback of conventional radical 
polymerizations is the lack of control over the polymer structure. In addition, 
conventional radical polymerization processes often yield polymers with broad 
molecular weight distribution (the weight-average molecular weight (Mw)/the 
number-average molecular weight (Mn) > 2), which can not be regarded as uniform 
polymers (Ali and Brocchini, 2006, Aoshima and Kanaoka, 2008).  
 
In recent years, the progress of new types of radical polymerization techniques which 
are called “controlled/living radical polymerization” (CLRP) have attracted great 
interests. The control over radical polymerization depends on two principles. Firstly, 
the initiation should be fast to supply a constant concentration of growing polymer 
chains or active species. Secondly, most of the dormant polymer chains should retain 
the capability to grow, due to established dynamic reaction equilibrium between the 
dormant species and the growing radicals. With the development of CLRP processes, it 
has become possible to design and synthesize polymers with well-defined composition, 
architecture and functionality. The advance of CLRP techniques make it applicable for 
the synthesis of unique polymers as well as block and graft copolymers with 
well-defined molecular weight and structure, and various types of polymers with high 
response sensitivity have been successfully synthesized (McCormick et al., 2006). 
There are three major CLRP techniques for the synthesis of responsive polymers: atom 
transfer radical polymerization (ATRP), reversible addition–fragmentation chain 




2.2.1 Atom Transfer Radical Polymerization (ATRP) 
ATRP, or transition metal-mediated living radical polymerization, was independently 
discovered by Matyjaszewski’s group and Sawamoto and co-workers in 1995 (Save et 
al., 2002). In an ATRP reaction, a transition metal (usually copper, although Fe, Pd, Ni 
and other metal have been used as well) halide and a suitable nitrogen-containing 
ligand are used. The complex of a transition metal halide and a ligand acts as the 
catalyst, which undergoes a one-electron oxidation with concomitant abstraction of a 
halogen atom from a substrate. The catalyst complex establishes a reversible 
equilibrium between the growing active species and dormant polymer chains. When 
the concentration of growing radicals is sufficiently low compared with the dormant 
polymer chains, the proportion of terminated chains from molecular recombination can 
often be neglected. Thus, sufficiently low concentration of growing radicals can 
suppress the termination throughout the polymerization process to produce the 
majority of well-defined polymer chains. 
 
The ATRP reaction can tolerate a wide range of functional monomers and it does not 
require stringent experimental conditions. Because of its living/controlled nature, 
well-controlled polymers of narrow molecular weight distribution can be prepared via 
ATRP, which are predetermined by the molar concentration ratio of the consumed 
monomer to the introduced initiator. A great variety of functional materials have been 
prepared with various polymer microstructure (e.g. linear, branched, hyper-branched, 
or multi-armed polymers) and different composition (e.g. statistical copolymers, block 
copolymers, or graft copolymers) (McCormick et al., 2006, Xu et al., 2009). Most 
important of all, ATRP can be readily initiated from various types of substrates (e.g. 
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inorganic particles/colloids, planar surfaces, polymer chains and networks), which is 
also called surface-initiated ATRP (SI-ATRP) process, to produce well-defined 
functional polymer brushes for surface modification (Yamamoto et al., 2008).  
 
For one of the most widely-used temperature-responsive polymer, P(NIPAAm) can be 
homo-polymerized or copolymerized via ATRP with other monomers. P(NIPAAm) has 
a LCST of about 32 ℃, and the LCST of PNIPAM can be tuned by copolymerization 
with hydrophilic or hydrophobic species (Schilli et al., 2004). The 
P(NIPAAm)-containing diblock copolymers can be used to prepare well-defined 
thermo-responsive micelles. PNIPAAm is often used to prepare ABA (such as 
P(NIPAAm)-b-poly(polycaprolactone)-b-P(NIPAAm) 
(P(NIPAAm)-b-PCL-b-P(NIPAAm)) and P(NIPAAm)-b-poly(2-methacryloyloxyethyl 
phosphorylcholine)-b-P(NIPAAm) (P(NIPAAm)-b-P(MPC)-b-P(NIPAAm)) or ABC 
(such as P(NIPAAm)-b-P(MPC)-b-poly(propylene oxide) 
(P(NIPAAm)-b-P(MPC)-b-PPO) triblock copolymers via ATRP (Chang et al., 2009, 
Sun et al., 2010, Xu et al., 2008). The P(NIPAAm)-b-PCL-b-P(NIPAAm) copolymer 
has been used to prepare three-dimensionally ordered porous membranes via reverse 
micelle formation or phase inversion in an aqueous medium (Xu et al., 2008). The 
porosity and pore size of the thermo-sensitive membranes can be controlled by 
regulating the P(NIPAAm) content in the copolymer composition and the temperature 
of casting medium. The as-prepared thermo-responsive membranes can be used to 
control nutrient diffusion. The P(NIPAAm)-b-P(MPC)-b-PPO and 
P(NIPAAm)-b-P(MPC)-b-P(NIPAAm) triblock copolymers with water-insoluble outer 




As mentioned in Section 2.1.2, there are two types of pH-sensitive materials: weak 
polyacids and polybases. P(AAc) and P(MAAc) are the most commonly used weak 
polyacids. P(AAc) or P(MAAc) brushes can be prepared directly via SI-ATRP of 
sodium (meth)acrylate (Ashford et al., 1999). However, it is difficult for P(AAc) or 
P(MAAc) bulk materials to be prepared directly via ATRP in a solution of sodium 
(meth)acrylate. The following purification process will be very complicated. All 
P(AAc) or P(MAAc) segments in the reported pH-sensitive copolymers were obtained 
from the hydrolysis of tert-butyl (meth)acrylate species prepared via ATRP (Davis and 
Matyjaszewski, 2000). These (meth)acrylic acid-containing block copolymers can 
exhibit pH-dependent self-assembly behavior, leading to the construction of micelles at 
pH below about 5, while the micelles dissociate at pH above 5. This phenomenon can 
be attributed to the reversible ionization of pendant carboxylic groups. 
 
For pH-responsive copolymers containing polybase species, tertiary amine-based 
methacrylate polymers, such as P(DMAEMA), poly(N,N-diethyl aminoethyl 
methacrylate) (P(DEAEMA)), and poly(2-(diisopropylamino)ethyl methacrylate) 
(P(DPAEMA)), are often used. These polymers have pendant amine groups which are 
protonated under acidic conditions and deprotonated under basic pH. In comparison to 
P(DMAEMA), P(DPAEMA) and P(DEAEMA) have larger hydrophobic groups that 
attached to the amine moieties, giving rise to stronger hydrophobic interactions at high 
pH. A series of pH-sensitive copolymers containing tertiary amine-based methacrylate 
polymers have been synthesized by ATRP (Xu et al., 2006, Yamamoto et al., 2008). 
The pH-responsive behavior of polybase-based block copolymers is opposite to that of 
the polyacid-based block copolymers. In aqueous media of basic pH, the polybase 
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species become deprotonated and assume a hydrophobic character. On the other hand, 
at acidic pH, the polybases become protonated to assume a hydrophilic structure, 
resulting in the dissociation of micelles self-assembled from polybase-based block 
copolymers.  
 
A series of pH-responsive zwitterionic block copolymers consisting of weak polyacids 
and polybases has also been reported (Rodriguez-Hernandez et al., 2005). Double 
hydrophilic zwitterionic diblock copolymers, such as the P(MAAc)-b-P(DEAEMA), 
poly(4-vinylbenzoic acid)-b-PDEAEMA (P(VBA)-b-P(DEAEMA)), 
P(AAc)-b-poly(4-vinyl pyridine) (P(AAc)-b-P(4VP)) and 
P(VBA)-b-poly(2-N-(morpholino)ethyl methacrylate) (P(VBA)-b-P(MEMA)) 
copolymers, were prepared via ATRP. Both blocks can become water-soluble after 
ionization of the polyacids (at basic pH) or protonation of the polybases (at acidic pH). 
Most of these zwitterionic diblock copolymers can self-assemble into micelles at either 
acidic or basic pH. The as-prepared micelles have a reversible core-corona structure 
because of the different pH-responsive behavior of the polybase and polyacid species 
in the aqueous media with different pH. 
 
2.2.2 Reversible Addition–Fragmentation Chain Transfer (RAFT) Polymerization  
RAFT polymerization was first reported by the CSIRO group (Chiefari et al., 1998) 
and a French group as Macromolecular Design (Charmot et al., 2000) a decade ago. 
The key component in the living/controlled RAFT polymerization is the chain transfer 
agent (CTA) (Hawthorne et al., 1999, Tsavalas et al., 2001). The thiocrabonylthio 
compounds with a general structure RSC(=S)Z, such as xanthates, dithioesters, 
dithiocarbamates, and trithiocarbonates, are usually used as CTAs in RAFT 
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polymerization. For each monomer that employed in RAFT, an appropriate CTA must 
be chosen to give the exact balance between the fragmentation reactions and reversible 
addition. Impropriate CTA selection can lead to the loss of control of the 
polymerization processes, such as a prolonged induction time, significant retardation, 
and even complete inhibition of polymerization (Chiefari et al., 2003, Mayadunne et 
al., 2003). RAFT CTAs are selected based on the properties of the Z and R groups, so 
it is of great importance to understand the effect of each CTA on the RAFT 
polymerization of a specific monomer. 
 
For the preparation of stimuli-responsive systems, especially those for the biological 
applications, RAFT is considered as a versatile and promising CLRP technique. 
Polymerization of highly functional monomers under mild conditions has been 
developed via RAFT polymerization and subsequent transformations (Loiseau et al., 
2003, Moad et al., 2003, Shinoda et al., 2003). For the temperature-sensitive polymer, 
numerous works describing the successful RAFT polymerization of NIPAAm have 
been reported. P(NIPAAm) with low polydispersity (PDI) (1.1~1.5) was first reported 
to be successfully synthesized via RAFT polymerization using 
2,2’-azobisisobutyronitrile (AIBN) as the radical initiator at 60 oC, and with benzyl 
dithiobenzoate and cumyl dithiobenzoate  as the CTAs, respectively (Ganachaud et 
al., 2000). P(NIPAAm) homopolymer was also reported to be prepared at 60 ◦C with 
benzyl and cumyl dithiocarbamates in 1,4-dioxane (Schilli et al., 2002). RAFT 
polymerization of NIPAAm was first demonstrated at room temperature (25 oC) with 
2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid (DMP) as the CTA and 
2,2’-azobis(4-methoxy-2.4-dimethyl valeronitrile) as the radical initiator in 
N,N-dimethyl formamide (DMF) (Convertine et al., 2004). The number-average 
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molecular weight (Mn) vs. conversion plot showed the characteristic linear growth of 
Mn with conversion and the PDIs remained low in the polymerization processes.  
 
RAFT polymerization have been utilized to prepare functionalized P(NIPAAm) 
polymers with various controlled sequences and/or shapes. Random or statistical 
copolymers for example, poly(NIPAAm-co-propylacrylic acid) copolymers (Garbern 
et al., 2010, Yin et al., 2006), have been synthesized via RAFT polymerization. Their 
dual pH- and temperature-responsive behavior was characterized and demonstrated.  
Synthesis of diblock copolymers having either hydrophilic species such as 
P(NIPAAm)-b-poly((meth)acrylic acid) (Schilli et al., 2004, Yang and Cheng, 2006), 
P(NIPAAm)-b-poly(2-hydroxyethylacrylate) (Zhang et al., 2006)  and 
P(NIPAAm)-b-poly(sulfonic acid) (Yusa et al., 2004), or hydrophobic segments such 
as P(NIPAAm)-b-poly(4-cyanobiphenyl-4-oxyundecylacrylate) (Khan et al., 2011) and 
P(NIPAAm)-b-poly(styrene) (P(NIPAAm)-b-PS) (Nuopponen et al., 2004) were 
reported. These thermo-responsive copolymers can form polymer micelles in response 
to the variation of environmental temperature. Various types of block copolymers such 
as ABC triblock copolymers (Sun et al., 2010, Xu et al., 2011), ABA triblock 
copolymers (Du et al., 2010, Ge et al., 2011), AB(n) multiblock copolymers (Ge et al., 
2011), P(NIPAAm)-dendrimers (You et al., 2004, Zheng and Pan, 2006), and 
hyperbranched P(NIPAAm) polymers (Tao and Yan, 2010, Vogt and Sumerlin, 2008) 
have also been synthesized. For example, Xu et al. synthesized an ABC triblock 
copolymer of methoxypoly(ethylene 
oxide)-b-poly(N-(3-aminopropyl)methacrylamide)-b-P(NIPAAm) 
(mPEO-b-P(APMA)-b-P(NIPAAm) via aqueous RAFT (aRAFT) polymerization (Xu 
et al., 2011). At temperature above LCST of P(NIPAAm), the triblock copolymer can 
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self-assembly into micelles with P(NIPAAm) cores, P(APMA) shells and mPEO 
coronas. Decreasing the temperature to 25 ℃ renders the copolymer hydrophilic and 
the copolymer exists as unimers in an aqueous medium. The P(APMA) shell of the 
self-assembled micelles can be cross-linked with terephthaldicarboxaldehyde to 
generate shell cross-linked (SCL) micelles with cleavable imine linkages. The 
reversible temperature- and pH-dependent formation and cleavage of the SCL micelles 
was analyzed by dynamic light scattering and NMR spectroscopy. The reversible SCL 
micelles prepared from temperature-responsive triblock copolymers are promising 
candidates for therapeutic nanocarriers in biomedicine. 
 
Other thermo-responsive N-alkyl substituted acrylamides can be prepared via RAFT 
polymerization. A series of N-alkyl substituted acrylamide polymers have been 
synthesized via the RAFT polymerization of thermo-responsive monomers, including 
N-n-propylacrylamide (nPAAm), N,N-diethylacrylamide (DEA), and 
N-ethylmethylacrylamide (EMA) (Cao et al., 2007). Furthermore, copolymers of 
N-alkyl substituted acrylamides were also studied. Successful synthesis of various type 
of copolymers, such as diblock copolymers (Garbern et al., 2010, Hu et al., 2008, Yin 
et al., 2006), triblock copolymers (Li and Cao, 2010, Pavlovic et al., 2008), multiblock 
copolymers (Ge et al., 2011, Pavlovic et al., 2008), random copolymers (Pascual and 
Monteiro, 2009, Relogio et al., 2004) and graft copolymers(Li et al., 2010, Miura et al., 
2007) have been reported in the past decade.  
 
pH-Sensitive monomers have been polymerized by RAFT to prepare pH-responsive 
polymers, including weak polyacids and polybases. AAc is a good candidate for RAFT 
polymerization and it can be polymerized using many CTAs. P(AAc) was first 
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synthesizedin the presence of 1-phenylethyl dithiobenzoate at 60 ℃ by the CSIRO 
group in 1998 (Chiefari et al., 1998). Subsequently, the synthesis of P(AAc) was 
systematically studied by using 15 different CTAs from the xanthate, dithioester, 
trithiocarbonate, and dithiocarbamate families (Ladaviere et al., 2001). It was found 
that the best overall control for the polymerization can be conducted in the presence of 
the phenoxyxanthate and trithiocarbonate derivatives. A few work of other 
(meth)acrylic acid polymers, such as P(MAAc), poly(ethylacrylic acid) (P(EAAc)) and 
poly(propylacrylic acid) (P(PAAc)) have been demonstrated (Chong et al., 1999). For 
example, the copolymerization of MAAc with NIPAAm has been reported to give a 
copolymer which is responsive to both temperature and pH in the presence of DMP as 
the CTA and AIBN as the radical initiator (Yang and Cheng, 2006).  
 
DMAEMA is the most widely studied polybases among the pH-sensitive tertiary 
amines that have been prepared via RAFT polymerization. A detailed study of the 
RAFT polymerization of DMAEMA was performed directly in an aqueous medium at 
70 ◦C, using CTP as the CTA and 4,4’-azobis(4-cyanopentanoic acid) as the initiator 
(Xiong et al., 2004). The PDIs for the polymererization were no more than 1.3. The 
resultant P(DMAEMA) can be further used in a emulsion polymerization as a steric 
stabilizer and macroCTA for the chain extension with methyl methacrylate (MMA). 
RAFT polymerization of DEAEMA has been studied and the use of a P(DEAEMA) 
macroCTA to mediate and stabilize the emulsion polymerization of styrene in the 
aqueous media has also been investigated.  
 
As a kind of well-known pH-responsive polybases, the preparation of 
poly(vinylpyridine)s via RAFT polymerization has been investigated in detail. For 
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example, block copolymers of 4VP and styrene were synthesized in the presence of 
dibenzyl trithiocarbonate and the morphology of the copolymer aggregates after 
dissolve in DMF and dialysis into water was then investigated (Yuan et al., 2003).  
 
2.2.3 Nitroxide-Mediated Radical Polymerization (NMRP) 
NMRP, also known as stable free radical polymerization (SFRP), uses a nitroxyl 
chemical to reversibly terminate growing polymer chains. NMRP is based on a 
equilibrium reaction between a free nitroxide, N·, and a growing radical, P·, to form a 
(macro)alkoxyamine, P-N. The equilibrium is shifted strongly toward the dormant 
species so that the propagating radical concentration is lower than that in the 
conventional radical polymerization. The equilibrium between dormant and active 
species shows the advantage of NMRP as a purely thermal process: the 
(macro)alkoxyamine redevelops the nitroxide and the propagating radical by the 
cleavage at high temperature, which is usually more than 70 oC. An important point of 
NMRP for potential biomaterial applications is that it is not necessary to add metals or 
metal complexes to the reaction. 
 
Initially, NMRP was limited to a small scope of polymerizable monomers (styrene and 
its derivatives) before it becomes an efficient method for controlled polymerization. 
The subsequent systematic design of nitroxides makes NMRP able to control the 
polymerization of an enlarged range of monomers, such as styrenics, acrylic acid, 
acrylamides, alkyl acrylates, methacrylic esters and dienes (Benoit et al., 1999, Benoit 
et al., 2000, Couvreur et al., 2003, Diaz et al., 2003, Schierholz et al., 2003).  
 
pH-Sensitive polymers, such as P(AAc) and P(DMAEMA), were first obtained via 
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NMRP by copolymerized with styrene or butyl acrylate monomers in 1999 (Benoit et 
al., 1999). P(AAc) homopolymer was then successfully synthesized by Couvreur et al. 
in 2003, using an alkoxyamine initiator based on the N-tert-butyl-N-(1-diethyl 
phosphono-2,2-dimethyl propyl) nitroxide (DEPN) in 1,4-dioxane solution at 120 oC 
(Couvreur et al., 2003). P(4VP) homopolymer and block copolymers have been 
prepared in a controlled manner with the DEPN mediator as well (Diaz et al., 2003).  
 
A series of well-defined temperature-responsive polyacrylates and polystyrenics with 
short pendant oligo(ethylene glycol) groups have been systematically studied via 
MNRP of functional monomers, such as methoxydi(ethylene glycol) acrylate 
(DEGMA), methoxytri(ethylene glycol) acrylate (TEGMA), 
alpha-hydro-omega-(4-vinylbenzyl)tris(oxyethylene) (HTEGSt), and 
alpha-hydro-omega-(4-vinylbenzyl)tetrakis(oxyethylene) (HTrEGSt), with 
2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane as an initiator (Hua et al., 
2006). All polymerizations were controlled processes, yielding polymers with 
controlled molecular weights and narrow polydispersities. Preparation of P(NIPAAm) 
(co)polymers via NMRP has been also demonstrated (Gibbons et al., 2006, Kuroda 
and Swager, 2004, Savariar and Thayumanavan, 2004, Schulte et al., 2005). For 
example, Schulte et al. synthesized P(NIPAAm) with controlled molecular weights and 
low polydispersities using highly sterically hindered 
2,2,6,6-tetraethylpiperidin-4-on-N-oxyI as a initiator. The prepared P(NIPAAm) 
polymers were characterized by multiple-angle laser light scattering, electrospray 
ionization mass spectrometry, matrix-assisted laser desorption ionization time-of-flight 




2.3 Stimuli-Responsive Polymer Based Nanoparticles 
In the past decade there has been a growing interest in the preparation of nanoparticles 
that can be responsive to the changes of environment. Stimuli-responsive polymers 
have often been used as key materials for the preparation of the responsive 
nanoparticles, such as in self-assembled copolymer micelles, or as a coating layer or 
brushes on the surface of solid nanoparticles. The stimuli-responsive polymers are 
usually selected for their conformational changes in aqueous media as a function of 
external stimuli. The external stimuli can cause changes in the morphology, structure, 
dimensions and interactions of such stimuli-responsive polymer-based nanoparticles. 
These changes can give them the ability to control crucial characteristics of responsive 
nanoparticle systems. For example, in the case of solid core-responsive shell 
nanoparticle systems, expansion and collapse of the polymer shell at the solid surface 
can lead to the control of particle aggregation, which is the basis for some sensor 
applications. Generally, a responsive nanoparticle system has a nanoparticle-polymer 
hybrid structure, which is also called a core–shell structure with a core and a polymeric 
shell. The core could be made from various type of materials, such as metal, metal 
oxide, silica, polymer, salt, liquid, or gas (hollow structures). Responsive properties of 
the nanoparticle may result from the polymeric shell, polymer core, and both the shell 
and the core. Thus, the simplest structure of responsive nanoparticles could be just a 
polymer hollow particle via the self-assembly of stimuli-responsive copolymers or the 
removal of solid core from a core-polymer shell system. The complexity of the 
nanoparticle structure will be increased when both the core and the shell can be 
designed and organized as hierarchically multifunctional structures comprised of 
functional polymers and particles. 
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Responsive nanoparticles can be fabricated by two major approaches: (1) preparation 
of the particles from pre-synthesized polymers and (2) synthesis of responsive 
nanoparticles via a heterogeneous polymerization method. The first major approach is 
mostly associated with the layer-by-layer (LbL) assembly of opposite charged species 
and the self-assembly of amphiphilic copolymers, while the second consists of grafting 
of the polymer to the nanoparticle surface methods and emulsion polymerization. 
Besides, many publications reporting the preparation of responsive nanoparticles have 
used the combination of the both approaches. Most work focus on the study and 
synthesis of core–shell structures. 
 
2.3.1 Layer-by-Layer (LbL) Assembly 
The method of LbL deposition of oppositely charged species, such as proteins, organic 
molecules, polyelectrolytes and particles, was first introduced by Iler (Iler, 1966) and 
later developed by many other scientists (Donath et al., 1997, Fendler, 1996, Krozer et 
al., 1995, Kubo et al., 1997, Liu et al., 1997, Tian and Fendler, 1996). LbL method has 
been successfully utilized to fabricate the core-shell nanoparticles until recently (Dong 
and Brennan, 2011, Reum et al., 2010).  
 
A method of stepwise adsorption of oppositely charged polyelectrolytes onto resin 
templates, which can be dissolved in the following treatment, has been often used to 
synthesize core-shell nanoparticles. These core-shell nanoparticles have physically 
unstable walls. The stability of the particles can be improved by introducing other 
inorganic nanoparticles on the inner surface of the walls (Shchukin et al., 2003). LbL 
shells play a key role in the responsive properties of LbL-coated nanoparticles. Several 
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mechanisms of the responsiveness have been proposed and studied. Firstly, sensitivity 
of polyelectrolyte layer to pH and ionic strength leads to changeable permeability of 
the LbL shell (Shchukin et al., 2003). For example, a Fe3O4/SiO2 composite core was 
used as a template to form the dual-responsive nanoparticle system, which contains the 
poly(allylamine hydrochloride) (PAH)/sodium poly(styrene sulfonate) (PSSNa) 
multilayers around the core (Xu et al., 2010). The LbL assembled polyelectrolyte 
multilayers is sensitive to environmental pH values, giving rise to a pH-triggered 
on-off switch for the release of loaded drugs. Meanwhile, the superparamagnetic 
property of this responsive nanoparticle system makes it possible for controlled 
targeting by an external magnetic field. Secondly, the changes in structure of the LbL 
film can result in partial or complete dissociation of the polyelectrolyte complexes 
(Mauser et al., 2006, Schuler and Caruso, 2001, Tjipto et al., 2007, Yap et al., 2008). 
 
Besides pH- and ion-sensitive nanoparticles, other type of stimuli-responsive 
nanoparticles can also synthesized via LbL method. Temperature-responsive hollow 
capsules were successfully synthesized by the layer-by-layer deposition of oppositely 
charged diblock copolymers each containing a P(NIPAAm) block and by the 
subsequent decomposition of the melamine formaldehyde resin core. (Glinel et al., 
2003). The size and permeability of the capsules in an aqueous solution decreased 
upon heating. Redox-responsive nanoparticles were fabricated via supramolecular 
assembly of poly(ferrocenylsilane) polyanions and polycations (Ma et al., 2007). 
These nanoparticles are excellent candidates for investigation of polyelectrolyte 
nanocapsule permeability control triggered by redox stimuli. 
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2.3.2 Self-Assembly of Amphiphilic Block Copolymers 
Fabrication of micellar nanoparticles through the self-assembly of block copolymers 
has gained great interest in the past decade (Chen and Jiang, 2011, Oh et al., 2009, 
Wang, 2011). Amphiphilic block copolymers, which contain two or more blocks with 
different solubility in a given solvent environment, may be induced to aggregate. The 
copolymer aggregates can have a wide range of morphologies, including spherical 
micelles, cylindrical or worm-like micelles, vesicles or polymersomes, and lamellae, 
etc. 
 
There are two basic processes for the self-assembly of block copolymers in solution: 
micellization and gelation. Gelation occurs from the relatively high concentration of 
copolymer solutions in a selective solvent and results in a matrix of ordered micelles. 
On the other hand, when the copolymer is dissolved in a relatively large quantity of a 
solvent which is selective for one of its blocks, micellization occurs. Under this 
circumstance, the soluble block will become the “corona” of the resulting micelle by 
orienting to the continuous solvent medium, whereas the insoluble part will be the 
“core” of the structure. In an aqueous medium, these micelles are characterized by a 
hydrophobic core shielded from the water by a hydrophilic shell. In addition, the 
micellization process depends mainly on two parameters: the critical micelle 
concentration (CMC) and the critical micelle temperature (CMT). Self-assembly will 
not occur if the concentration or temperature does not fulfill the requirement of CMC 
or CMT, and the block copolymer will behave as a unimer in the solvent medium. In 
contrast, a thermodynamic equilibrium between micelles and unimers will be 
established if the micellization is triggered. 
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The most common examples to give micelle-like core-shell nanoparticles is AB type 
diblock copolymers. This type of copolymers has been extensively investigated and 
their bulk solution properties have been reported under a wide variety of 
conditions.(Fu et al., 2011, Ho et al., 2011, Kim et al., 2010) Various micelle structures 
can be achieved depending on many factors, such as copolymer architecture, monomer 
distribution, molecular weight, and relative solubility of the two monomers, etc. For 
example, copolymers of PS-b-P(AAc) can be self-assembled to form a wide variety of 
aggregates such as cylindrical micelles, spherical micelles and vesicles induced by 
changes in ionic concentration (Zhang et al., 1996).  
 
The most commonly studied response of block copolymers is the equilibrium between 
unimers and self-assembled aggregates induced by environmental changes in a 
solution. Examples of temperature-responsive block copolymers include of 
P(NIPAAm)-b-PS-b-P(NIPAAm) and PS-b-P(NIPAAm)-b-PS (LCST= 30–35 ◦C) 
(Bivigou-Koumba et al., 2009), poly(ethylene 
oxide)-b-poly(6-(4-(4-pyridylazo)phenoxy)hexyl methacrylate) (PEO-b-P(PPHM)) 
(LCST= 42–55 ◦C) (Nishihara et al., 2008) and a folic acid-conjugated block 
copolymer, P(NIPAAm)-b-poly(N,N-dimethylacrylamide) 
(P(NIPAAm)-b-P(DMAAm)) (LCST = 22–36 ◦C) (De et al., 2008). These copolymers 
exhibited a reversible state transition in aqueous media: dissolved in water below their 
LCST and formed spherical or flower-like micelles above LCST. In the recent studies, 
the pH change acted as a signal to dissolve and assemble block copolymers. 
Self-assembly of pH-responsive copolymers have also been extensively studied in the 
last decade. A number of studies have used block copolymers consisting of such as 
pH-responsive blocks, such as polyacids like P(MAAc) (Liu et al., 2006, Mountrichas 
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and Pispas, 2006) and P(AAc) (Joncheray et al., 2007, Ma et al., 2007), or polybases 
as P(DMAEMA) and (PDEAEMA) (He et al., 2007, Liu et al., 2007, Smith et al., 
2010, Zhang et al., 2008). For example, a polybase-based triblock copolymer of 
poly(oligo(ethylene glycol) methyl ether methacrylate) (P(OEGMEMA)), 
P(DMAEMA) and P(DEAEMA) with an aldehyde terminal group 
(Ald-P(OEGMEMA)-b-P(DMAEMA)-b-P(DEAEMA)), which was synthesized via 
consecutive ATRPs, can be dissolved in acidic aqueous media and self-assemble into 
three-layer onion-like micelles. These unique micelles consist of a P(DEAEMA) core, 
P(DMAEMA) inner shell and P(OEGMEMA) outer corona at an basic pH. The 
P(DMAEMA) inner shell can produce SCL micelles with stable structure by 
selectively cross-linking with 2-bis(2-iodoethoxy)ethane (BIEE). The resultant SCL 
micelles can exhibit reversible pH-sensitive swelling/deswelling behavior due to the 
presence of P(DEAEMA) core. 
 
Self-assembly has been used as a promising route to design and fabricate functional 
supramolecular assemblies and materials. Depending on the morphologies of the 
self-assembled nano-objects (shape, size, periodicity, etc.), they have already been 
shown to be suitable or applied for many applications in electronics, drug delivery, 
reusable elastomeric materials, cosmetics, lubricants, paints and detergents 
(Rodriguez-Hernandez et al., 2005). However, it should be noted that the industrial 
applications of self-assembled systems are limited due to their relatively poor stability 
(Jiang et al., 2007). Some methods have been developed to stabilize such structures 
irreversibly (Jiang et al., 2009).  
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2.3.3 Grafting of Polymers onto the Surface of Particles 
Grafting of functional polymers onto the surface of nanoparticles has been one of the 
most important methods to fabricate responsive core-shell nanoparticles (Wang and 
Thanou, 2010, Xu et al., 2010, Zhao and Zhu, 2009). The nanoparticle core can be 
polymer particles, magnetic particles, silica and noble metal nanoparticles. Thus, an 
as-synthesized responsive nanoparticle consists of an organic or inorganic core and a 
stimuli-responsive polymeric shell. In comparison to self-assembled structures, the 
core-shell nanoparticles via grafting of polymers are more stable upon changes of the 
environmental conditions due to their stable cores. The sensitive properties of such 
core–shell nanoparticles result from the grafted polymer chains which are responsive 
to changes in pH, temperature, ionic strength, selective solvent, etc. 
 
“Grafting-from” and “grafting-to” are two main approaches that have been extensively 
studied for the covalent immobilization of polymers to nanoparticles. The 
“grafting-from” method via polymerization from an initiator-functionalized particle 
surfaces is a useful tool for the preparation of polymer brushes. This method contains a 
number of polymerization techniques, such as SI-ATRP, free radical polymerization, 
ring opening polymerization, and so forth. In the “grafting-from” method, the active 
centers of the growing polymer chains are accessible for the small monomer molecules 
in the swollen brushes during the process of polymerization (Brittain and Minko, 2007, 
Luzinov et al., 1996), and this approach can be used to prepare tethered brushes with 
high grafting densities. However, the properties (composition, molecular weight, 
solubility, etc.) of the grafted polymer chains are difficult to be determined without 
cleavage of the polymers from the cores. In the “grafting-to” method, polymer chains 
are immobilized directly on suitable surfaces via the chemical reaction between 
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end-functionalized polymers and reactive groups on substrate surfaces. The approach 
originates from the functionalization of the particle surface with an appropriate 
anchoring agent, followed by covalent grafting polymer chains via the chemical 
reactions. The main advantages of the “grafting-to” method are its robustness, 
simplicity, and the use of well-defined pre-synthesized polymers. The “grafting-to” 
method leads to polymer brushes with a moderate grafting density because the grafting 
is limited by the diffusion kinetics of long polymer chains through the dense brush 
matrices. 
 
A typical example of responsive nanoparticles is the particle grafting with a 
thermo-responsive polymer shell. Nanoparticles with grafted P(NIPAAm) shell have 
been prepared via CLRP or click reactions, which exhibited reversible 
temperature-responsive swelling/deswelling of the shell upon heating and cooling 
(McCormick et al., 2006, Nebhani and Barner-Kowollik, 2009). For example, 
P(NIPAAm)-grafted brushes have been obtained on magnetic iron oxide nanoparticles 
using ATRP (Bi et al., 2008), RAFT (Boyer et al., 2009, Rowe et al., 2009) and NMRP 
(Binder et al., 2007). The P(NIPAAm) shell can be used to tune their aqueous 
instability and non-specific biodistribution problems. Temperature- and salt 
strength-responsive P(NIPAAm) shell was prepared by free radical polymerization on 
the surface of PS polymeric nanoparticles (Tsuji and Kawaguchi, 2004). Interactions of 
P(NIPAAm)-grafted fluorescent PS nanoparticles with mouse macrophages were also 
investigated (Vihola et al., 2007). The thermo-responsive nanoparticles exhibited a 
weak attachment at temperatures below LCST because of the steric repulsion of 
swollen PNIPAAm layer. The cell-particle interactions may even be tuned by size, 
hydrophobicity, steric repulsion and surface charge. Weak polyelectrolytes have been 
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widely utilized for the preparation of stimuli-responsive core–shell particles. 
P(DMAEMA) and P(AAc), were grown from magnetic iron oxide nanoparticles via 
SI-ATRP, giving rise to pH-responsive magnetic nanoparticles (Lattuada and Hatton, 
2007). These nanoparticles exhibited reversible aggregation upon tuning the extent of 
polymer charges via pH. In addition, in the case of P(DMAEMA), a representative 
temperature responsive behavior at high pH was also discerned. 
 
2.3.4 Emulsion Polymerization 
Emulsion polymerization in heterogeneous media is one of the most important 
techniques for fabrication of core-shell nanoparticles. The method has been extensively 
studied and has numerous applications for control of the morphologies and surface 
properties of nanoparticles (Che et al., 2010, Duguet et al., 2011). In this method, 
monomers are dispersed in an aqueous solution of surfactant. The concentration of 
surfactant exceeds the CMC, and polymerization is carried out in the presence of an 
initiator system. Growth and nucleation are two major steps of the polymerization 
techniques (Oh et al., 2008). 
 
Various types of temperature, pH, ionic strength, and light responsive nanoparticles 
have been synthesized by emulsion polymerization processes (Pichot, 2004, Pichot et 
al., 2001). For example, hybrid temperature-responsive core-shell nanoparticles 
consisting of a non-responsive poly(butyl methacrylate) (P(BMA)) core and a 
temperature-responsive P(NIPAAm) shell have been produced by a two-stage free 
radical polymerization (Gan and Lyon, 2003). At temperature below the LCST of 
P(NIPAAm) (32 oC), the shell was hydrophilic and highly swollen in the aqueous 
media. When the temperature was raised to above the LCST, the P(NIPAAm) rendered 
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hydrophobic and entropically favorable hydrophobic aggregation of the shell occurred, 
leading to deswelling of the nanogels.  
 
Significant advances for the fabrication of pH-responsive core-shell latex particles 
have been made. An aqueous emulsion copolymerization of ethylene glycol 
dimethacrylate (EGDMA) and DMAEMA was carried out by the means of PS 
nanoparticles to prepare a dispersion of core–shell latex particles (Fujii et al., 2004). 
The shell of the particles composed of a cross-linked P(DMAEMA-co-EGDMA) 
overlayer. In the presence of the as-synthesized latex particles as the pH-responsive 
emulsifier, polydispersed n-dodecane-in-water emulsions were produced at pH 8. The 
emulsions were stable at basic pH but could be partially broken when the pH was 
decreased to 3. 
 
A special type of responsive nanoparticles, Janus particle, has been presented by 
emulsion polymerizations. Janus particles have two jointed hemispheres, each made 
from a different polymer than the other. For example, one hemisphere is hydrophobic 
and the other one is hydrophilic. Other than particles with homogeneous surface 
properties, Janus particles attribute much more to a liquid–liquid interface. A number 
of studies have reported the synthesis of Janus nanoparticles that are composed of two 
chemically different particles jointed together and Janus particles have gained great 
interest for a wide range of applications, such as catalysis, drug delivery, stabilization 
of water-oil emulsions, sensors and gas-liquid foams (Wurm and Kilbinger, 2009, Yang 
et al., 2008). For example, Mock and Zokuski synthesized Janus nanoparticles via 
seeded emulsion polymerization (Mock and Zukoski, 2010). In this method, a weakly 
cross-linked seed was swollen with monomer. The phase separated at the reaction 
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temperature and resulted in a protrusion. The final nanoparticles were considered to be 
composed of interpenetrating spheres. pH-Responsive Janus nanoparticles have been 
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3.1 Self-Assembly of Stimuli-Responsive and Fluorescent 
Comb-like Amphiphilic Copolymers in Aqueous Media 
3.1.1 Introduction 
Stimuli-responsive polymers have been extensively investigated in conjunction with 
the development of “smart materials” (Dobrynin and Rubinstein, 2005, Gil and 
Hudson, 2004, Tanaka et al., 2005). Polymers, which response to acid-base 
interactions or to changes in pH of the environment, are attractive materials for 
biological applications (Kumar et al., 2007, Rapoport, 2007). 
Poly((2-dimethylamino)ethyl methacrylate)  (P(DMAEMA)) and poly(acrylic acid) 
(P(AAc)) are favorite stimuli-responsive materials because of their good pH-sensitivity 
in an aqueous medium (Alarcon et al., 2005, Bajpai et al., 2008, Chatterjee et al., 2005, 
Dodou et al., 2005, Lowe and McCormick, 2007, Peppas and Kim, 2006). 
P(DMAEMA) becomes protonated in a low-pH medium and is rendered hydrophilic. 
Deprotonation at high pH, however, can render P(DMAEMA) hydrophobic. 
P(DMAEMA)-based materials can therefore exhibit reversible pH-dependent swelling 
behavior in an aqueous medium (Alarcon et al., 2005, Liu and Armes, 2001, Simmons 
et al., 2000). P(AAc), on the other hand, is ionized and hydrophilic at high pH, and 
non-ionized and hydrophobic at low pH. P(AAc) has been widely used for the 
synthesis of pH-responsive copolymers and microspheres (Shen and Eisenberg, 2000, 
Yoo et al., 2000, Zhu et al., 2008).  
 
Recently, hollow micro- and nanospheres have attracted a great deal of attention 
because of their potential applications in catalysis, controlled drug delivery, paints and 
coatings, and as electronic materials (Cochran, 1998, Ji et al., 2009, Morris et al., 
1999). The vesicular polymerization route to functional hollow spheres has been 
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described (Sauer et al., 2001). The design and synthesis of hollow microspheres which 
can respond to environmental stimuli of changing temperature (Bhattacharya et al., 
2007, Zha et al., 2002), electric and magnetic fields (Bhattacharya et al., 2007, Guo et 
al., 2003), and pH and ionic strength have been reported (Sauer and Meier, 2001, 
Sauer et al., 2001). Self-assembly of amphiphilic copolymers into vesicles of 
well-controlled structures has also attracted considerable attention (Bellomo et al., 
2004, Bickel, 2003, Kita-Tokarczyk et al., 2005, Meier, 2000, Stoenescu and Meier, 
2002). Polymer vesicles result from an equilibrium in the interfacial energy between 
the core and the external medium, the stretching of the core-forming blocks and the 
repulsive interaction among corona chains (Yu et al., 1996). Many types of 
amphiphilic copolymers, such as block copolymers (Ding et al., 1997, Shen and 
Eisenberg, 2000) and graft copolymers (Gao et al., 2008, Li et al., 2006), have been 
reported to aggregate into vesicles. However, an investigation on self-assembly of 
stimuli-responsive graft copolymers with intramolecular interactions is still very 
limited. 
 
In this chapter, comb-like graft copolymers, consisting of a fluorescent hydrophobic 
poly((N-vinylcarbazole)-co-(4-vinylbenzyl chloride)) (P(NVK-co-VBC)) copolymer  
backbone and pH-responsive hydrophilic P(DMAEMA-co-AAc) copolymer side 
chains of controlled length, were synthesized. The amphiphilic copolymers can 
self-assemble into hollow vesicles with “onion-like” multi-walls in aqueous media of a 
certain concentration range through acid-base interaction of the side chains. The 
vesicular morphology can be controlled by pH of the medium, the length of the graft 
chains (side chains) of the comb-like copolymer and the concentration of copolymer 
solution. Moreover, the copolymer vesicles exhibit a reversible change in fluorescence 
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intensity in aqueous media of pH 3 to 9. In comparison, amphiphilic comb-like 
copolymers, consisting of the same hydrophobic P(NVK-co-VBC) backbone, albeit 
with non-interacting hydrophilic P(NIPAAm-co-DMAEMA) copolymer side chains 
(NIPAAm= N-isopropylacrylamide), can self-assemble only into hollow nanoparticles 
of single-shell in aqueous media. 
 
3.1.2 Experimental Section 
3.1.2.1 Materials 
The monomers, 4-vinylbenzyl chloride (VBC, 90%), N-vinylcarbazole (NVK, 98%), 
N-isopropylacrylamide (NIPAAm, 97%), (2-dimethylamino)ethyl methacrylate 
(DMAEMA, 98%), and tert-butyl acrylate (tBA, 98%) were obtained from 
Sigma-Aldrich Chemical Co. DMAEMA and tBA were used after removal of the 
inhibitors in a ready-to-use disposable inhibitor-removal column (Sigma-Aldrich 
Chemical Co.). Azobisisobutyronitrile (AIBN, 98%) was recrystallized from methanol, 
dried in a vacuum oven and stored under nitrogen. 
1,1,4,7,10,10’-Hexamethyltriethyenetetramine (HMTETA, 99%), copper(I) chloride 
(CuCl, 99%), trifluoroacetic acid (TFA) and all solvents (analytical grade) were also 
obtained from Sigma-Aldrich Chemical Co. and were used as received. Purified argon 
was used in all reactions. 
 
3.1.2.2 Synthesis of the P(NVK-co-VBC) backbone 
Procedures for synthesizing the P(NVK-co-VBC) copolymer were similar to those 
reported in the literature (Yeh et al., 2008). A mixture of VBC (0.882 g, 5.2 mmol), 
NVK (1.025 g, 5.2 mmol) and AIBN (6 mg) in 5mL of tetrahydrofuran (THF) was 
refluxed at 60 oC under argon for 24 h. The reaction mixture was cooled to room 
temperature. The crude polymer was purified via several dissolution-reprecipitation  
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Scheme 3.1 Synthesis and self-assembly of the amphiphilic comb-like 
P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) copolymer. 
 
cycles, using THF (minimum amount) to dissolve and methanol (100 mL) to 
precipitate, prior to being dried under reduced pressure. Gel-permeation 
chromatography (GPC) measurements: number-average molecular weight (Mn) = 6730 
and polydispersity index (PDI) = 1.12. 1H Nuclear magnetic resonance (NMR) 
spectroscopy measurements: copolymer chemical composition (monomer repeat units), 
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[NVK]:[VBC] = 4:39. 
 
3.1.2.3 Synthesis of the comb-shaped 
P(NVK-co-VBC)-comb-P(DMAEMA-co-tBA) copolymers (KVDT copolymers) 
Graft copolymerization of DMAEMA and tBA was carried out under the typical 
conditions of atom transfer radical polymerization (ATRP, Scheme 3.1). Thus, for the 
synthesis of KVDT3 copolymer of Table 3.1, 0.38 mL of tBA (2.52 mmol), 3.9 mL of 
DMAEMA (22.7 mmol), 43.5 mg (0.252 mmol, based on the –Cl moieties) of the 
P(NVK-co-VBC) backbone macroinitiator, 48 µL of HMTETA (0.252 mmol), and 5 
mL of THF were introduced into a 25 mL flask equipped with a magnetic stirrer. After 
the maroinitiator and monomers had dissolved completely, the reaction mixture was 
degassed by bubbling argon through the solution for 30 min. Then, 25 mg of CuCl 
(0.252 mmol) was added into the reaction mixture under an argon atmosphere. The 
reaction mixture was purged with argon for an additional 10 min. The flask was sealed 
with a rubber stopper under an argon atmosphere. The polymerization was allowed to 
proceed under continuous stirring at 60 oC for a predetermined period of time. The 
reaction was terminated by exposing the reaction mixture to air. The copolymer 
solution was diluted by adding 5 folds the volume of THF. The catalyst complex was 
removed by passing the blue dilute polymer solution through a short aluminum oxide 
column. A colorless solution was obtained. After removal of THF in a rotary 
evaporator, the copolymer was precipitated in excess hexane. The crude polymer was 
purified by re-precipitation twice in hexane to remove the reactant residues, prior to 
being dried under reduced pressure. GPC measurements: Mn = 78370 and PDI = 1.30. 
1H NMR spectroscopy measurements: copolymer side chain chemical composition, 
[DMAEMA]:[tBA] = 421:43. Other P(NVK-co-VBC)-comb-P(DMAEMA-co-tBA) 
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copolymers (KVDT1, KVDT2 and KVDT4 of Table 3.1) were prepared using similar 
procedures. 
 
3.1.2.4 Hydrolysis of the P(NVK-co-VBC)-comb-P(DMAEMA-co-tBA) 
copolymers  
About 0.24 g (0.132 mmol, based on the tBA groups) of KVDT3 of Table 3.1, 1.01 mL 
(1.32 mmol) of TFA, and 30 mL of dichloromethane were introduced into a 50 mL 
round bottom flask. The mixture was stirred at room temperature for 6 h. The product 
was precipitated by adding the solution to an excess volume of hexane, followed by 
filtering and drying under reduced pressure to yield the acrylic acid (AAc) containing 
copolymer, KVDA3 of Table 3.1. Other P(NVK-co-VBC)-comb-P(DMAEMA-co-tBA) 
copolymers (KVDT1, KVDT2 and KVDT4 of Table 3.1) were hydrolyzed using 
similar procedures.  
 
Scheme 3.2 Synthesis and self-assembly of the amphiphilic comb-like 
P(NVK-co-VBC)-comb-P(NIPAAm-co-DMAEMA) copolymer. 
 
3.1.2.5 Synthesis of the P(NVK-co-VBC)-comb-P(NIPAAm-co-DMAEMA) 
copolymer (KVND copolymer) 
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Graft copolymerization of NIPAAm and DMAEMA was carried out under the typical 
conditions of ATRP (Scheme 3.2). The synthesis procedures are similar to those of the 
P(NVK-co-VBC)-comb-P(DMAEMA-co-tBA) copolymers. Thus, 0.82 g of NIPAAm 
(7.0 mmol), 0.6 mL of DMAEMA (3.5 mmol), 24.1 mg (0.14 mmol, based on the –Cl 
moieties) of the P(NVK-co-VBC) backbone macroinitiator, 26.6 µL of HMTETA (0.14 
mmol), and 3 mL of THF were introduced into a 25 mL flask equipped with a 
magnetic stirrer. After degassing with argon for 30 min, 13.9 mg of CuCl (0.14 mmol) 
was added into the reaction mixture under an argon atmosphere. The reaction mixture 
was purged with argon for an additional 10 min. The flask was sealed and placed in an 
oil bath controlled at 60 oC for a predetermined period of time. The reaction was 
stopped by exposing the reaction mixture to air. The copolymer solution was diluted 
with THF and passed through an alumina column to remove the catalyst. After removal 
of THF in a rotary evaporator, the copolymer was precipitated by adding the solution 
to hexane, filtered and dried under reduced pressure. GPC measurements: Mn = 31610 
and PDI = 1.37. 1H NMR spectroscopy measurements: copolymer side chain chemical 
composition, [NIPAAm]:[DMAEMA] = 191:21.  
 
3.1.2.6 Preparation of the self-assembled nanoparticles 
For the preparation of the self-assembled nanoparticles, 20 mg of the KVDA1 or 
KVND copolymer was first dissolved in 20 mL of doubly distilled water in an 
ultrasonic water bath for 5 min. The solution was then stirred vigorously for another 10 
min to obtain the 0.1 wt% homogenous copolymer solution. The pH of the solution 
was adjusted by adding 1 M HCl and 1 M NaOH. NaCl was added to keep the 
solutions under a constant ionic strength at 0.01 M. The self-assemblies of other 





The copolymers prepared in this work were characterized by GPC, Fourier-transform 
infrared (FT-IR) spectroscopy, and 1H NMR spectroscopy. GPC measurements were 
performed on a Waters GPC system equipped with Waters Styragel columns, a 
Waters-2487 dual wavelength UV detector, and a Waters-2414 refractive index detector. 
THF or N,N-dimethylformamide (DMF) was used as the eluent at a flow rate of 1.0 
mL/min. Monodispersed polystyrene standards were used to generate the calibration 
curve. The FT-IR spectra of the samples dispersed in KBr pellets were measured on a 
Bio-Rad FTS 135 FT-IR spectrophotometer. Each spectrum was obtained by 
cumulating 64 scans. 1H NMR spectra were measured on a Bruker ARX 300 MHz 
spectrometer, using CDCl3 or D2O as the solvent, by accumulating 300 scans at a 
relaxation time of 2 s. UV-visible absorption spectra were recorded on a Shimadzu 
UV-1601 spectrophotometer. The fluorescence spectra were measured on a Shimadzu 
RF-5031 spectrophotometer. The zeta potential of the self-assembled nanoparticles 
was measured on a Zetasizer Nano ZS (Malvern Instruments, Southborough, MA). The 
average hydrodynamic diameters of vesicles were determined by dynamic light 
scattering (DLS). DLS was performed on a Brookhaven 90 plus laser light scattering 
spectrometer at the scattering angle of 90°. Transmission electron microscopy (TEM) 
images were obtained on a JEOL JEM-2010 transmission electron microscope and a 
JEOL JEM-2100F field emission transmission electron microscope. Copolymers 
dissolved in doubly distilled water were spread onto the surface of a carbon coated 
copper grid and then dried under reduced pressure. Scanning electron microscopy 
(SEM) images were obtained on a JEOL JSM-6700 field emission scanning electron 
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microscope. The aqueous copolymer solution was dropped onto a clean copper foil on 
an electron microscope stub, and dried under reduced pressure. The samples were then 
sputter coated with a thin Pd layer to enhance the contrast and quality of the images. 
 
3.1.3 Results and Discussion 
3.1.3.1 Characterization of the synthesized amphiphilic comb-like copolymers  
3.1.3.1.1 Characterization of the P(NVK-co-VBC) copolymer backbone 
(macroinitiator) 
The copolymer backbone prepared from 1:1 molar feed ratio of 4-vinylbenzyl chloride 
(VBC) and N-vinylcarbazole (NVK) is readily soluble in common organic solvents, 
such as tetrahydrofuran (THF), N,N-dimethylformamide (DMF) and chloroform. The 
copolymer has a number-average molecular weight (Mn) and weight-average molecular 
weight (Mw) of about 6730 and 7540, respectively, giving rise to a polydispersity index 
(PDI) of 1.12. The composition and chemical structure of the copolymer were 
analyzed by fourier-transform infrared (FT-IR) and 1H nuclear magnetic resonance 
(NMR) spectroscopy. For the FT-IR spectrum of P(NVK-co-VBC) copolymer in 
Figure 3.1(a), the two strong absorption peaks at 725 and 749 cm-1 are associated with 
the absorption of the carbazole moieties (Ling et al., 2006, Zhang et al., 2009). The 
sharp absorption band at 1265 cm-1 is associated with the absorption of the CH2Cl 
groups in VBC (Fontanals et al., 2005). The presence of absorption bands associated 
with both the carbazole and CH2Cl groups indicates successful copolymerization of 
VBC and NVK.  
 
For the 1H NMR spectrum of P(NVK-co-VBC) copolymer in Figure 3.2(a), the 
chemical shifts in the region of 6.2-8.1 ppm (signal c) are associated with the protons 
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of the aromatic rings in the carbazole (Brar and Singh, 2007, Ling et al., 2004) and 
VBC units (Yeh et al., 2008, Zhang et al., 2009). The chemical shift at δ = 4.2-4.6 ppm 
(signal d) is attributable to the methylene protons adjacent to the chloride in the VBC 
groups (Zhang et al., 2009). The chemical shift at δ = 3.5 (signal a) corresponds to the 
methyl protons adjacent to the nitrogen atom in the carbazole units (Ling et al., 2004). 
The chemical shifts in the region of 1.2-2.2 ppm (signal b, b’ and b’’) are associated 
with the methylene protons of the NVK and VBC moieties. The composition of the 
copolymer (NVK:VBC molar ratio) is about 4:39, as determined from the ratio of 
chemical shift at δ = 3.5 ppm, associated with the proton adjacent to the nitrogen atom 
(signal a) of the NVK units, to that at δ = 4.2-4.6 ppm, associated with the two 
methylene protons adjacent to the chloride atom (signal d) of the VBC units. The 
difference between the copolymer composition and the initial NVK:VBC molar feed 
ratio (1:1) indicates a large difference in reactivity between the two monomers under 
the present experimental conditions, which agrees with the results reported for 
P(NVK-co-VBC) copolymers under free radical polymerization conditions (Yeh et al., 
2008). 
 
3.1.3.1.2 Characterization of the P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) 
copolymers 
VBC is a widely used alkyl halide initiator for atom transfer radical polymerization 
(ATRP) (Xu et al., 2005, Xu et al., 2005, Xu et al., 2004). The VBC-containing 
copolymers can be used as the macroinitiators for ATRP (Zhang et al., 2009). 
Molecular brushes or side chains comprising of random copolymers of 
(2-dimethylamino)ethyl methacrylate (DMAEMA) and tert-butyl acrylate (tBA) were 
synthesized by “grafting from” the P(NVK-co-VBC) backbone, using the VBC units 
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Table 3.1 Characterization of the synthesized amphiphilic comb-like copolymers. 


















P(NVK-co-VBC)f 24 6730 1.12 4/39 -- -- -- 
KVDT1g 2 20160 1.22 4/39 10/77 -- -- 
KVDT2g 6 57240 1.28 4/39 27/299 -- -- 
KVDT3g 12 78370 1.30 4/39 43/421 -- -- 
KVDT4h 12 89990 1.32 4/39 86/460 -- -- 
KVDA1i 6 19500 1.23 4/39 -- 10/77 -- 
KVDA2i 6 55650 1.26 4/39 -- 27/299 -- 
KVDA3i 6 76010 1.36 4/39 -- 43/421 -- 
KVDA4i 6 85100 1.40 4/39 -- 86/460 -- 
KVNDj 3 31610 1.37 4/39 -- -- 191/21 
aDetermined from GPC results. PDI = Weight-average molecular weight/Number-average molecular weight, or Mw/Mn. 
bDetermined from the 1H NMR spectra, Mn’s, and the molecular weights of NVK (193.24 g/mol) and VBC (152.62 g/mol). 
cDetermined from the 1H NMR spectra, Mn’s, and the molecular weights of DMAEMA (157.22 g/mol) and tBA(128.17 g/mol). 
dEstimated from the corresponding copolymer molar composition of [tBA]/[DMAEMA]. 
eDetermined from the 1H NMR spectra, Mn’s, and the molecular weights of NIPAAm (113.2 g/mol) and DMAEMA (157.22 g/mol). 
fSynthesized using a molar feed ratio [VBC (0.882 g)]:[NVK]:[AIBN] of 145:145:1 at 60 oC in 5 ml of THF. 
gP(NVK-co-VBC)-comb-P(DMAEMA-co-tBA), synthesized using a molar feed ratio [tBA (0.38 mL)]:[DMAEMA]:[initiator]:[CuCl]:[HMTETA] of 10:90:1:1:1 at 60 oC 
in 5 ml of THF. 
hP(NVK-co-VBC)-comb-P(DMAEMA-co-tBA), synthesized using a molar feed ratio [tBA (0.76 mL)]:[DMAEMA]:[initiator]:[CuCl]:[HMTETA] of 20:80:1:1:1 at 60 oC 
in 5 ml of THF. 
iFrom hydrolysis of corresponding P(NVK-co-VBC)-comb-P(DMAEMA-co-tBA) copolymer. The molar feed ratio of [TFA]:[tert-butyl groups] was about 10:1. 
jP(VBC-co-NVK)-comb-P(NIPAAm-co-DMAEMA), synthesized using a molar feed ratio [NIPAAm (0.82 g)]:[DMAEMA]:[initiator]:[CuCl]:[HMTETA] of 50:25:1:1:1 





Figure 3.1 FT-IR spectra of (a) the P(NVK-co-VBC) copolymer, and the (b) KVDT3 
copolymer, (c) KVDA3 copolymer and (d) KVND copolymer of Table 3.1. 
 
as the ATRP macroinitiators. The length of the P(DMAEMA-co-tBA) side chains in 
the “comb-like” copolymer can be controlled by the ATRP time or the DMAEMA:tBA 
molar feed ratio. Successful graft copolymerization was confirmed by the FT-IR and 
1H NMR spectroscopy results. Figure 3.1(b) shows the FT-IR spectrum of a 
P(NVK-co-VBC)-comb-P(DMAEMA-co-tBA) copolymer (KVDT3 of Table 3.1). The 
characteristic absorption peak at about 1723 cm-1 is associated with the -C=O groups 
of DMAEMA and tBA units, that at 1148 cm-1 corresponds to the -C-N group of 
DMAEMA, while that at 2978 cm-1 corresponds to the asymmetric C-H (of tert-butyl 
ester group of tBA) stretching vibration (Sanjuan and Tran, 2008). For the 1H NMR 
spectrum of KVDT3 copolymer in Figure 3.2(b), the characteristic chemical shift at δ 





Figure 3.2 1H NMR spectra of (a) the P(NVK-co-VBC) copolymer in CDCl3, and the 
(b) KVDT3 copolymer in CDCl3, (c) KVDA3 copolymer and (d) KVND copolymer  
of Table 3.1 in D2O. 
 
moieties of the ester linkages in the DMAEMA units (Xu et al., 2006, Yamamoto et al., 
2008). The chemical shifts at δ = 2.3 (signal 2) and 2.6 ppm (signal 3) are associated 
with the methylene and methyl protons, respectively, of the DMAEMA moieties in the 
graft copolymer. The characteristic chemical shift at δ = 1.4 ppm (signal 4) 
corresponds to the methyl protons of tert-butyl groups in the tBA units. The 
compositions of various P(DMAEMA-co-tBA) graft chains ([DMAEMA]:[tBA] molar 
ratios), as determined from the 1H NMR spectra, are summarized in Table 3.1.  
 
Trifluoroacetic acid (TFA), in dichloromethane solution, was used for the hydrolysis of 




ratio of TFA:tert-butyl groups is most effective for the cleavage of tert-butyl groups of 
the copolymers, while retaining a low PDI of the polymers and without affecting the 
DMAEMA units (Yamamoto et al., 2008). The molecular weights and PDIs of the 
resulting acrylic acid (AAc) containing copolymers are summarized in Table 3.1. 
FT-IR and 1H NMR spectroscopy results confirmed the successful hydrolysis of tBA to 
AAc units. The FT-IR spectrum of a P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) 
copolymer (KVDA3 of Table 3.1) is shown in Figure 3.1(c). In comparison with the 
FT-IR spectrum of the starting KVDT3 in Figure 3.1(b), the presence of the broad 
absorption (from 3200 to 3600 cm-1), characteristic of a carboxylic acid group, indicate 
the appearance of carboxylic acid group. For the 1H NMR spectrum of KVDA3 
copolymer in Figure 3.2(c), the characteristic chemical shift at 1.4 ppm (signal 4) 
associated with methyl protons in the tert-butyl group has disappeared after the 
hydrolysis reaction. The signals associated with the methylene protons (signal 2) and 
methyl protons (signal 3) of DMAEMA units have shifted to 2.9 and 3.4 ppm, 
respectively, because of the protonation of DMAEMA in D2O (Amalvy et al., 2004, 
Davis and Matyjaszewski, 2000, Yamamoto et al., 2008). All the other chemical shifts 
associated with DMAEMA remained intact, suggesting that the DMAEMA units were 
not affected by TFA hydrolysis (Yamamoto et al., 2008). The stability of the comb-like 
copolymers was evaluated by thermogravimetric analysis (TGA). When these samples 
were heated to 250 oC in a nitrogen atmosphere, no weight loss was observed, 
indicating the amphiphilic comb-like copolymers are relatively stable. 
 
3.1.3.1.3 Characterization of the 
P(NVK-co-VBC)-comb-P(NIPAAm-co-DMAEMA) copolymer 




strong amide absorption bands at about 1650 and 1543 cm-1 are associated with the 
stretching of O=C-NH group and the bending of N-H group of N-isopropylacrylamide 
(NIPAAm) units, respectively. The characteristic absorption peaks at about 1730 and 
1149 cm-1 are associated with the stretching of O=C-O group and C-N group, 
respectively, of DMAEMA units. The presence of both the O=C-O and O=C-NH 
groups indicates successful copolymerization of DMAEMA and NIPAAm. For the 1H 
NMR spectrum of KVND copolymer of Table 3.1 in Figure 3.2(d), the characteristic 
chemical shift at δ = 4.1 ppm (signal c) are attributable to the methylene protons 
adjacent to the oxygen moieties of the ester linkages in the DMAEMA units. The 
chemical shifts at δ = 2.3 (signal e) and 2.6 ppm (signal d) are associated with the 
methylene and methyl protons, respectively, of the DMAEMA units in the copolymer. 
The characteristic chemical shift at δ = 3.9 ppm (signal a) corresponds to the 
–CH(CH3)2 groups in the NIPAAm units. The composition of the 
P(NIPAAm-co-DMAEMA) side chains ([NIPAAm]:[DMAEMA] molar ratios), as 
determined from the 1H NMR spectrum, is shown in Table 3.1. 
 
3.1.3.2 Self-assembly of the P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) 
copolymers in aqueous media 
The as-synthesized “comb-like” P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) 
copolymers with different length of the side chains (KVDA1, KVDA2, KVDA3 and 
KVDA4 of Table 3.1), are soluble in water under vigorous agitation. Their 
self-assembly behavior in an aqueous medium was first investigated. Figures 3.3(a) to 
3.3(c) show the respective TEM images of the KVDA1 copolymer self-assembled at 
room temperature (25 oC) and pH of 3, 7 and 9 in 0.1 wt% solution. Hollow vesicles 




the pH and concentration of the medium, as well as on the length of the side chains of 
the copolymer, will be discussed in the next section. Further examination of the images 
 
 
Figure 3.3 TEM images of the self-assembled vesicles of the KVDA1 copolymer of 
Table 3.1 in aqueous environment at room temperature (25 oC) and different pH: (a) 
pH = 3, (b) pH = 7 and (c, d) pH = 9. The concentration of each copolymer solution 
was 0.1 wt%. 
 
at higher magnification reveals that the vesicles have “onion-like” multi-walls (Figure 
3.3(d)). For the multi-walled vesicles self-assembled from the KVDA1 copolymer at 
pH 9, the overall wall thickness is about 3 nm, with the thickness of each uniformly 
spaced layer of about 0.5 nm. The process of self-assembly of the 
P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) copolymers to form the multi-walled 
vesicles is shown in Scheme 3.1. In an aqueous medium, the hydrophobic 
P(NVK-co-VBC) backbones are densely packed, arising from their hydrophobic 





Figure 3.4 TEM images of the self-assembled hollow nanoparticles of the KVND 
copolymer of Table 3.1 in aqueous media: (a) pH 3 and 25 oC, (b) pH 7 and 25 oC and 





multilamellar structure occurs due to supramolecular acid-base interactions, which 
involve the amino groups of DMAEMA units as the acceptors and the carboxylic acid 
groups of AAc units as the donors. Complementary ionic interaction and hydrogen 
bonding for controlled self-assembly of functional supramolecular materials have been 
widely reported (Kimizuka et al., 1998, Kimizuka et al., 1993). The layered structures 
then close to form hollow vesicles due to the repulsion among the corona chains, 
similar to that of amphiphilic block copolymers of liposomes dissolved in selected 
solvents (Li et al., 2006, Yang et al., 2005). The structure of lamellae is well-defined as 
the composition of each lamella is composed of one hydrophobic P(NVK-co-VBC) 
layer sandwiched between two hydrophilic P(DMAEMA-co-AAc) layers of controlled 
chain length from ATRP. 
 
To further study the effect of acid-base or hydrogen bonding interaction of side chains 
on the morphology of the self-assembled micelles, self-assembly behavior of the 
KVND copolymer, which was composed of the same P(NVK-co-VBC) backbone, 
albeit with side chains of different chemical nature, was investigated. The TEM images 
of the hollow nanoparticles self-assembled from KVND copolymer of Table 3.1 at 
different temperature and pH are shown in Figure 3.4. In comparison with the 
multi-walled hollow vesicles from the P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) 
copolymers, the hollow nanoparticles of KVND copolymer contain only a single wall 
or shell, in the absence of acid-base interaction of the hydrophilic side chains. Both of 
the hollow micelles of KVDA1 and KVND copolymers has spherical shape which can 
often be observed for star micelles due to the interfacial tension between the 





3.1.3.3 Factors affecting the morphology of the 
P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) copolymer vesicles 
The morphology, including the diameter of vesicles and number of lamellar layers in  
 
Figure 3.5 Effect of pH of aqueous media on the average hydrodynamic diameter (Dh) 
of the vesicles self-assembled from the (a) KVDA1 copolymer and the nanoparticles 
self-assembled from the (b) KVND copolymer of Table 3.1. The concentration of each 





the multi-walls, can be tuned via controlling (i) the pH of the dispersion medium, 
(ii)the length of the P(DMAEMA-co-AAc) side chains, and (iii) the concentration of 
the copolymer solution.  
 
3.1.3.3.1 Effect of pH of the media 
In an aqueous dispersion, the average size of the 
P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) copolymer vesicles is sensitive to the 
pH of the environment. The TEM images shown in Figure 3.3 indicate that the size of 
the KVDA1 copolymer vesicles at pH 7 (Figure 3.3(b)) is larger than those at pH 3 
(Figure 3.3(a)) or pH 9 (Figure 3.3(c)). The pH-dependent vesicle size is also 
confirmed by dynamic light scattering (DLS) studies. Figure 3.5(a) shows the pH 
dependence of the average hydrodynamic diameter (Dh) of the copolymer vesicles of 
KVDA1. The copolymer vesicles have the largest Dh at pH 6. Dh of the vesicles 
decreases when the pH of the medium is reduced to below 5 or raised to above 7. The 
pH dependence of Dh can be attributed to the simultaneous presence of carboxylic acid 
groups of the AAc units and tertiary amino groups of the DMAEMA units in the 
copolymer molecule. AAc and DMAEMA are the well-known pH-sensitive 
components commonly found in stimuli-responsive polymers. P(AAc) is a polyacid 
with an apparent dissociation constant (pKa) of about 4.6 (Xu et al., 2006). 
P(DMAEMA), which is water-soluble at neutral pH and in acidic media, is a weak 
polybase with a pKa of about 7.0-7.3 (Amalvy et al., 2004). The difference in pKa of 
the two pH-sensitive components allows the copolymer to respond to variation in 
solution pH. At a low pH (lower than the pKa of P(AAc)), the carboxylic acid groups 
of AAc units are not ionized while the amino groups of DMAEMA units are 




and lower than the pKa of P(DMAEMA)), the amino groups are protonated and the 
carboxylic acid groups become ionized. Zeta potential measurements were further 
employed to investigate the surface potential of the so-obtained copolymer micelles in 
aqueous media. The zeta potential was decreased from +34.6 mV at pH 3 to +4.2mV at 
pH 6. At this condition, there are probably intramolecular ionic complexation of the 
ionic AAc units and the protonated DMAEMA units between side chains, as well as 
the intermolecular interactions (Gil and Hudson, 2004). As pH is further increased to 
above pKa of the P(DMAEMA), the amino groups of the DMAEMA units become 
deprotonated. The zeta potential at pH 9 was decreased to -25.1 mV. The pH response 
and the equilibrium size of the hollow vesicles are usually attained within a few 
minutes after the pH adjustment. 
 
The size of the single-shelled P(NVK-co-VBC)-comb-P(NIPAAm-co-DMAEMA) 
copolymer hollow nanoparticles is sensitive to both the pH and temperature of the 
media. TEM images show that the diameter of the KVND nanoparticles is maximum 
at pH =3 and 25 oC (Figure 3.4(a)), decreases when the pH is increased to 7 at the 
constant temperature of 25 oC (Figure 3.4(b)), and decreases even further when the 
temperature is increased to 40 oC with the pH maintained at 7 (Figure 3.4(c)). At all pH, 
the hollow nanoparticles self-assembled from the KVND copolymer have the 
well-defined single-shell morphology. The pH-dependent particle size is also 
confirmed by DLS studies. At the constant temperature of 25 oC, the Dh of KVND 
nanoparticles decreases from about 105 nm at pH = 3 to about 31 nm at pH = 10, as 
shown in Figure 3.5(b). The pH response arises from the hydrophobic association of 
the copolymer in the aqueous medium, as the tertiary amino groups of DMAEMA 





Figure 3.6 SEM images of the self-assembled vesicles of the (a) KVDA1, (b) KVDA2, 
(c) KVDA3 and (d) KVDA4 copolymers of Table 3.1 in aqueous environment at room 
temperature (25 oC) and pH 7. The insets show the corresponding TEM images and 
detailed morphology of the vesicles. The concentration of each of the copolymer 
solution was 0.1 wt%. 
 
thermo-responsive polymer and exhibits a lower critical solution temperature (LCST) 
of about 32 oC in an aqueous medium (Alarcon et al., 2005). The 
temperature-dependent size of the KVND copolymer nanoparticles is consistent with 
the LCST behavior of P(NIPAAm) in aqueous media (Li et al., 2008, Zha et al., 2002). 
However, the micelles self-assembled from 
P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) copolymers don’t show 
temperature-sensitivity in the range of 20 and 60 oC at pH 7. The loss of 
temperature-sensitivity of the P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) 
copolymers between 20 and 60 oC can be attributed to the presence of hydrophilic AAc 




hydrophilicity of the polymer (Feil et al., 1993). 
 
3.1.3.3.2 Effect of the side chain length of the copolymer 
Figure 3.6 shows the SEM images of the vesicles self-assembled from 0.1 wt% 
solutions of the respective KVDA1, KVDA2, KVDA3 and KVDA4 copolymers at pH 
6. The corresponding TEM images (insets of Figure 3.6) show that the vesicles, 
self-assembled from the copolymers with controlled lengths of the graft chains from 
the ATRP process, all have the well-defined multi-walled morphology. The size of the 
vesicles increases with the increase in length of the graft chains of the comb-like 
copolymers. Figure 3.7(a) and 3.7(b) show the hydrodynamic diameters and size 
distribution, obtained from DLS studies, of the vesicles assembled from 
P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) copolymers at pH = 7 and pH= 5, 
respectively. As shown in Figure 3.7(a), at pH 7, vesicles of KVDA1, which has the 
shortest side chains, exhibit the smallest average diameter of about 153 nm. On the 
other hand, vesicles of KVDA4 with the longest side chains have the largest average 
diameter of about 901 nm. DLS measurements at pH 5 (Figure 3.7(b)) also reveal that 
the size of the micelles increases with the increasing length of the side chains. The 
DLS results are consistent with the observation from the SEM images. The increase in 
vesicle size can be attributed to the increase in repulsive force, arising from the 
increased content of ionized AAc components and protonated DMAEMA units in the 
graft chains or molecular brushes. Moreover, the overall wall thickness of the vesicles 
increases with the increase in length of the grafted side chains of the comb-like 
copolymers. Vesicles of KVDA1 have the thinnest wall of about 18 nm, as measured 
from the TEM images, while those of KVDA4 have the thickest wall of about 55 nm. 





Figure 3.7 Hydrodynamic diameter (Dh) and size distribution of the vesicles 
self-assembled from the comb-like copolymers of (1) KVDA1, (2) KVDA2, (3) 
KVDA3 and (4) KVDA4 of Table 3.1 at (a) pH 7 and (b) pH 5. The concentration of 
each copolymer solution was 0.1 wt%. 
 




morphology, including the size and the wall thickness of the vesicles can be tuned by 
controlling the length of the grafted P(DMAEMA-co-AAc) molecular brushes. 
 
3.1.3.3.3 Effect of copolymer concentration 
 
Figure 3.8 TEM images of the self-assembled vesicles of the KVDA3 copolymer of 
Table 3.1 at room temperature (25 oC), pH 7 and concentrations of (a) 0.04 wt%, (b) 
0.05 wt%, (c) 0.1 wt% and (d) 0.8 wt%. 
 
Well-defined vesicles of the P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) 
copolymers are observed in the aqueous solution concentration range of about 0.04-0.5 
wt%. Figure 3.8 shows the TEM images of multi-walled vesicles of self-assembled 
KVDA3 copolymer from aqueous solutions of different concentrations. The vesicles 
from 0.04 wt%, 0.05 wt% and 0.1 wt% solutions (Figure 3.8(a), 3.8(b) and 3.8(c), 
respectively) have a similar hollow architecture, but with different number of layers of 
the multi-walls. The number of wall layer increases with increasing concentration of 
the comb-like copolymer in the aqueous medium. Outside the concentration range of 




For copolymer concentrations above 0.5 wt%, “onion-like” solid particles, instead of 
the hollow vesicles, are observed, as revealed by the TEM image of particles 
self-assembled in 0.8 wt% solution (Figure 3.8(d)).  
 
3.1.3.4 Effect of pH on the optical properties of 
P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) copolymers 
The effect of pH on the optical properties of the copolymers was investigated. The 
fluorescence intensity (If) of a 1.0 mg/mL aqueous solution of each copolymer was 
monitored at the excitation wavelength of 295 nm. Figure 3.9 shows the variation in 
absorption spectra and If of KVDA3 in the aqueous solution pH range of 3 to 9. The 
absorption maximum at 295 nm of the copolymer is independent of pH of the medium. 
On the other hand, the copolymer exhibits the ability of If “switching” in response to 
changes in solution pH. The If is maximum when pH of the medium is 3, and is 
quenched when pH of the medium is increased. The switching of If by pH is 
completely reversible when the pH of medium is reduced. The phenomena can be 
attributed to the simultaneous presence of the carboxylic acid groups of P(AAc) and 
the tertiary amino species of P(DMAEMA) in the copolymer molecule. Vinylcarbazole 
units are well-known luminescent chromophores (Sanda et al., 2004, Sbai et al., 1995) 
and are covalently linked to the P(DMAEMA-co-AAc) copolymer side chains. For 
fluorescence of the aromatic hydrocarbon chromophores covalently bound to P(AAc), 
sharp changes in fluorescent property can occur with changes in pH of the surrounding 
environment, arising from acid–base equilibrium of -COOH groups in the P(AAc) 
segments (Kobayashi et al., 2000). The tertiary amino species are good electron donors 
and are known to quench photoelectron transfer (PET) from/to the excited state of 




the carboxylic acid groups of P(AAc) is about 4.6 and the pKa of tertiary amino groups 
of P(DMAEMA) is about 7.0–7.3 in water. The difference in pKa of the two 
pH-sensitive groups allows the copolymer to respond to variation in solution pH. At 
pH lower than the pKa of carboxylic acid groups of P(AAc), most of the carboxylic  
 
Figure 3.9 Effect of pH on the normalized absorption and fluorescence (excitation 
wavelength at 295 nm) spectra of a 0.1 wt% aqueous solution of the KVDA3 
copolymer of Table 3.1. 
 
acid groups are not ionized while the amino groups are protonated, the fluorescence of 
P(NVK) is in the un-perturbed state. As pH is increased above the pKa of carboxylic 
acid, the carboxylic acid groups become ionized (while the tertiary amino groups of 
P(DMAEMA) remain protonated) and the fluorescence is quenched. As pH is 
increased further to above the pKa of tertiary amino groups of P(DMAEMA), the 
tertiary amino groups become deprotonated. The fluorescence is further quenched by 
the tertiary amino groups (deSilva et al., 1996, Diaz-Fernandez et al., 2006). Therefore, 




reversible fluorescence profile of the copolymer solution in response to changes in pH.  
 
3.1.4 Conclusions 
“Comb-like” graft copolymers, consisting of a P(NVK-co-VBC) copolymer backbone 
from free radical polymerization and well-defined P(DMAEMA-co-AAc) graft (side) 
chains from controlled radical polymerization and acid hydrolysis, have been prepared. 
TEM and SEM images reveal that the water-soluble 
P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) copolymers can self-assemble in 
aqueous media into hollow vesicles with multi-walls, arising from the acid-base 
interaction of the AAc and DMAEMA units in the side chains. In addition to the 
unique molecular architecture, the copolymer vesicles exhibit reversible 
pH-dependence in size and fluorescence intensity in aqueous media. The vesicular 
morphology of the copolymer can be tuned by pH of the medium, the length of the 
hydrophilic P(DMAEMA-co-AAc) side chains, and the concentration of the 
copolymer solution. In comparison, the pH- and temperature-responsive hollow 
nanoparticles self-assembled from the comb-like graft copolymer 
P(NVK-co-VBC)-comb-P(NIPAAm-co-DMAEMA) are single-shelled due to the 
absence of acid-base side chain interaction. Thus, the structure of amphiphilic 
comb-like copolymers can be tailored for applications as biomaterials and in 
biomedical systems, such as in stimuli-responsive drug delivery and release systems. 
The copolymers are probably also useful as optical sensory materials for changes in 





3.2 pH-, Temperature-Responsive and Fluorescent Hybrid 
Hollow Nanospheres from Self-Assembly and Gelation of 
Comb-like Amphiphilic Copolymers 
3.2.1 Introduction 
An amphiphilic copolymer consisting of both hydrophilic and hydrophobic segments 
can self-assemble into various forms, such as rods, spheres and hollow particles in 
selected solvents (Blanazs et al., 2009, Wang et al., 2009). Self-assembled polymer 
hollow particles result from an equilibrium in the interfacial energy between the core 
and the external medium, the repulsive interaction among corona chains and the 
stretching of the core-forming blocks (Börner, 2009, Smith et al., 2009, Tian et al., 
2010). In the Chapter 3.1, investigations of the self-asselmbly of comb-like 
copolymers P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc) and 
P(NVK-co-VBC)-comb-P(NIPAAm-co-DMAEMA) have been performed. The 
self-assembled polymeric vesicles and hollow nanoparticles can be used for potential 
applications as stimuli-responsive materials. However, the practical applications of the 
various functional polymeric micelles were limited by their structural instability in 
dispersion or upon changes of the external environment (Jiang et al., 2007). To address 
this problem, various chemical cross-linking reactions within the shell of the hollow 
microspheres have been reported to fix and stabilize the shape of the micelles (Du and 
Armes, 2008, Walther et al., 2008, Yu et al., 2009).  
 
In this section, comb-like graft copolymers, consisting of the same P(NVK-co-VBC)) 
copolymer  backbone as in Chapter 3.1, and dual-responsive hydrophilic 
P(DMAEMA-co-MPS) (MPS= 3-(trimethoxysilyl)propyl methacrylate) copolymer 




(TEM) images showed that the amphiphilic copolymers can self-assemble into 
well-defined spherical hollow nanospheres in tetrahydrofuran (THF)/water binary 
solvents of a certain concentration range. Shape-stable organic-inorganic hybrid 
hollow nanospheres were subsequently obtained by condensation and cross-linking of 
–Si-(OCH3)3 groups in the MPS units. Moreover, the pH- and thermo-responsive 
morphology and optical properties of the resulting hybrid hollow nanospheres were 
investigated to evaluate their potential applications as polymeric capsules and sensory 
materials. 
 
3.2.2 Experimental Section 
3.2.2.1 Materials 
The 3-(trimethoxysilyl)propyl methacrylate (MPS, 98%) monomer were obtained from 
Sigma-Aldrich Chemical Co. Triethylamine (TEA) were also obtained from 
Sigma-Aldrich Chemical Co. Other chemicals and solvents used in this chapter are the 
same as those in Chapter 3.1. Purified argon was used in all reactions. 
 
3.2.2.2 Synthesis of the comb-like P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) 
copolymer 
The P(NVK-co-VBC) copolymer backbone was synthesized according to the same 
method as in Chapter 3.1. Graft copolymerization of DMAEMA and MPS was carried 
out under the typical conditions of atom transfer radical polymerization (ATRP, 
Scheme 3.3). Thus, for the synthesis of KVDM1 copolymer of Table 3.2, 0.31 mL of 
MPS (1.26 mmol), 3.9 mL of DMAEMA (22.7 mmol), 21.7 mg (0.126 mmol, based on 
the –Cl moiety) of the P(NVK-co-VBC) backbone macroinitiator, 23.9 µL of 
HMTETA (0.126 mmol), and 4 mL of THF were introduced into a 25 mL flask 




completely, the reaction mixture was degassed by bubbling argon through the solution 
for 30 min. Then, 19.6 mg of CuCl (0.126 mmol) was added into the reaction mixture 
under an argon atmosphere. The reaction mixture was purged with argon for an 
additional 10 min. The flask was sealed with a rubber stopper under an argon 
atmosphere. The polymerization was allowed to proceed under continuous stirring at 
60 oC for a predetermined period of time. The reaction mixture was then cooled to 
room temperature and diluted by adding 5 folds the volume of THF. The catalyst 
complex was removed by passing the blue dilute polymer solution through a short 
aluminum oxide column. After removal of THF in a rotary evaporator, the copolymer 
was precipitated in excess anhydrous hexane. The crude polymer was purified by 
re-precipitation twice in hexane to remove the reactant residues, prior to being dried 
under reduced pressure. GPC measurements: Mn = 27720 and PDI = 1.31. 1H NMR 
spectroscopy measurements: copolymer side chain chemical composition, 
[DMAEMA]:[MPS] = 121:8. Other P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) 
copolymers (KVDM2 and KVDM3 of Table 3.2) were prepared using similar 
procedures. 
 
3.2.2.4 Preparation of the self-assembled and gelated micelles 
For the preparation of self-assembled nanospheres, 25 mg of the KVDM1 copolymer 
was first dissolved in 5 mL of anhydrous THF. The solution was stirred vigorously for 
another 10 min to obtain the 0.5 wt% homogenous polymer solution. About 4 mL of 
doubly distilled water was then added dropwise at a rate of 1 drop every 10 s into the 
copolymer solution under vigorous stirring. After 5 h, 20μL of TEA was added into 
the THF/water mixture to induce the hydrolysis and polycondensation within the shell 




THF and by-product methanol from the hydrolysis of the silyl ethers were removed by 
dialysis against doubly distilled water for 2 days in a dialysis tube (Sigma-Aldrich 
Chemical Co., molecular weight cut-off: 12 000 g/mol). The pH of the solution was 
adjusted with 1 M HCl and 1 M NaOH. The pH response and the equilibrium size of 
the hollow nanospheres were usually attained within 5-15 min after the pH adjustment. 
NaCl was added to the solution to maintain a constant ionic strength of 0.01 M. The 
nanospheres self-assembled and gelated from other comb-like copolymers were 
prepared using similar procedures. 
 
 
Scheme 3.3 Schematic illustration of the preparation of hybrid hollow nanospheres 




GPC measurements were performed on the same instrument as in Chapter 3.1. THF 
was used as the eluent at a flow rate of 1.0 mL/min. Monodispersed polystyrene 
standards were used to generate the calibration curve. The XPS measurements were 
performed on a Kratos AXIS HSi spectrometer equipped with a monochromatized Al 
Kα X-ray source (1486.6 eV photons). The lower critical solution temperature (LCST) 
of the cross-linked nanospheres was determined by differential scanning calorimetry 




temperature range of 25-40 oC under a nitrogen flow rate of 40 mL/min. The average 
hydrodynamic diameters of the shell-crosslinked micelles were determined by 
dynamic light scattering (DLS). DLS was performed on a Brookhaven 90 plus laser 
light scattering spectrometer at the scattering angle of 90°. 0.01 Mg/mL aqueous 
solution of the shell-crosslinked micelles was used for the DLS measurement. The 
solution was subjected to 5 min of ultrasonication before DLS measurement. Other 
instruments used in this chapter are the same as those in Chapter 3.1. 
 
3.2.3 Results and Discussion 
3.2.3.1. Characterization of the synthesized amphiphilic comb-like copolymers 
Procedures for the synthesis of comb-like pH-responsive 
P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) copolymers, are shown in Scheme 3.3. 
Initially, the P(NVK-co-VBC) copolymer backbone was prepared via the same method 
as used in Chapter 3.1. The comb-like graft copolymers of 
P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) were prepared subsequently via atom 
transfer radical polymerization (ATRP) of DMAEMA and MPS from the VBC 
macroinitiators of P(NVK-co-VBC) backbone. Details on the synthesis and 
characterization of the copolymer samples are summarized in Table 3.2.  
 
The chemical structure and composition of the copolymer were analyzed by X-ray 
photoelectron spectroscopy (XPS) and 1H nuclear magnetic resonance (NMR) 
spectroscopy. The XPS wide-scan spectra of the P(NVK-co-VBC)  copolymer is 
shown in Figure 3.10(a). The presence of both the N 1s signal and the Cl 2p signal 
indicates the successful copolymerization of NVK and VBC. The The [N]/[Cl] ratio, as 




spectral area ratio, is about 1:9.2. Each NVK unit contains one nitrogen atom, whereas 
each VBC unit contains one chloride atom. Thus, the molar ratio of NVK and VBC 
units in the copolymer can be estimated from the [N]/[Cl] peak area ratio in the XPS 
spectra. The ratio is in good agreement with that (4:39) obtained from 1H NMR 
spectroscopy (Figure 3.12(a)). Molecular brushes or side chains comprising of random 
copolymers of DMAEMA and MPS were synthesized by “grafting from” the 
P(NVK-co-VBC) backbone, using the VBC units as ATRP macroinitiators. The length 
of the P(DMAEMA-co-MPS) side chains in the “comb-like” copolymer can be 
controlled by the ATRP time. Successful graft copolymerization was again confirmed 
by the XPS and 1H NMR spectroscopy results. Figure 3.10(b) shows the XPS 
widescan spectrum of P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) copolymer 
prepared from 12 h of ATRP (KVDM3 of Table 3.2). The enhanced N 1s signal and 
the appearance of Si 2p and Si 2s signals indicate the successful graft 
copolymerization of DMAEMA and MPS. For the 1H NMR spectrum of KVDM3 
copolymer in Figure 3.11, the characteristic chemical shift at δ = 4.1 ppm (signal 1) is 
attributable to the methylene protons adjacent to the oxygen moieties of the ester 
linkages in the DMAEMA units (Xu et al., 2006, Yamamoto et al., 2008). The 
chemical shifts at δ = 2.3 (signal 2) and 2.6 ppm (signal 3) are associated with the 
methylene and methyl protons, respectively, of the DMAEMA units in the graft 
copolymer. The characteristic chemical shifts at δ = 0.6 (signal 6) and 3.6 ppm (signal 
7) corresponds to the methyl protons adjacent to the oxygen moieties (-OCH3) and the 
methylene protons next to the silicon moieties (-SiCH2), respectively, in the MPS units. 
The chemical composition of the P(DMAEMA-co-MPS) side chains (molar ratio of 





Table 3.2 Characterization of the synthesized amphiphilic comb-like P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS)copolymers. 











P(NVK-co-VBC)d 24 6730 1.12 4/39 -- 
KVDM1e 2 27720 1.31 4/39 121/8 
KVDM2e 6 50470 1.16 4/39 250/18 
KVDM3e 12 87250 1.27 4/39 463/31 
aDetermined from GPC results. PDI = Weight-average molecular weight/Number-average molecular weight, or Mw/Mn. 
bDetermined from the 1H NMR spectra, Mn’s, and the molecular weights of NVK (193.24 g/mol) and VBC (152.62 g/mol). 
cDetermined from the 1H NMR spectra, Mn’s, and the molecular weights of DMAEMA (157.22 g/mol) and MPS (248.35 g/mol). 
dSynthesized using a molar feed ratio [VBC (0.882 g)]:[NVK]:[AIBN] of 145:145:1 at 60 oC in 5 ml of THF. 









Figure 3.10 XPS widescan spectra of the (a) P(NVK-co-VBC) copolymer and (b) 






Figure 3.11 1H NMR spectra of the  KVDM3 copolymer of Table 3.2 in CDCl3. 
 
3.2.3.2. Self-assembly and shell cross-linking of the hybrid nanoparticles 
Many factors, such as solvent medium, copolymer composition and preparation 
condition, can affect the self-assembly of amphiphilic copolymers (Wang et al., 2009). 
In this work, the self-assembly behavior of the amphiphilic comb-like graft 
copolymers (KVDM1, KVDM2 and KVDM3 of Table1) in THF/water binary 
solvents was first investigated. The process of self-assembly and subsequent gelation 
of the MPS units in P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) copolymer side 
chains to form a polysilsesquioxane network produces the hollow nanospheres with 
cross-linked shell (Scheme 3.3). THF is a good solvent for all components of the 
P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) copolymers. The copolymers was first 
dissolved in THF, followed by dropwise addition of water, a selective solvent for 
P(DMAEMA), under vigorous stirring. With the addition of water, the hydrophobic 




hollow nanospheres. The P(DMAEMA-co-MPS) copolymer side chains comprising 
predominantly the hydrophilic DMAEMA units give rise to the hydrophilic corona 
surrounding the hydrophobic wall. Triethylamine (TEA) was added 5 h later to initiate 
the gelation and cross-linking of MPS units. In the presence of the base catalyst, the 
-Si(OCH3)3 groups of MPS are hydrolyzed into -Si(OH)3 groups, which subsequently 
undergo polycondensation to form the cross-linked polysilsesquioxane structure 
(Chang et al., 2009, Yu et al., 2009). 
 
Figure 3.12 TEM images of the cross-linked hybrid hollow nanospheres prepared from 
the comb-like amphiphilic copolymers with different side chain length at 25 oC under 
different pH of the aqueous media: (a) KVDM1 copolymer of Table 3.2 at pH 7 and (b) 
KVDM1 copolymer at pH 3, (c) KVDM2 copolymer of Table 3.2 at pH 7 and (d) 
KVDM3 copolymer of Table 3.2 at pH 7. Preparation conditions: initial copolymer 
concentration, Cini= 0.5 wt%; water content in the THF/water binary solvent = 44.4 
wt%; TEA concentration= 0.11 wt%. 
 
The hollow nanospheres were obtained exclusively from about 40 to 80 wt% of the 




from self-assembly and cross-linking of the comb-like 
P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) copolymers are shown in Figure 3.12. 
For the KVDM1 copolymer of Table 3.2, the average diameter of hybrid hollow 
nanospheres is about 10 nm at pH 7, as shown in Figure 3.12(a). Well-defined hollow  
 
Figure 3.13 TEM image of the hybrid nanoparticles with a complex hollow structure 
prepared from KVDM1 copolymer of Table 3.2. Preparing conditions: initial 
copolymer concentration, Cini= 1.0 wt%; water content in THF/water binary solvent = 
44.4 wt%; TEA concentration= 0.11 wt%. 
 
particles with a complex hollow structure were observed instead of the individual 
nanospheres were observed at the initial copolymer concentration (Cini) range of 
0.05-0.5 wt%. With Cini increasing to above 0.5 wt% (c.a.1.0 wt%), much larger 
hollow nanospheres (Figure 3.13). The complex hollow particles comprising many 
small hollow nanospheres with size similar to that obtained at Cini= 0.5 wt%. The 




interests owing to their promising application in drug release, encapsulation and 
catalyst supports (Bhargava et al., 2007, Zou et al., 2009).  
 
3.2.3.3. pH-Sensitive properties of the cross-linked hybrid hollow nanospheres 
 
Figure 3.14 Hydrodynamic diameters (Dh) of the cross-linked hybrid hollow 
nanospheres prepared from KVDM1 copolymer of Table 3.2 and their size distribution 
in aqueous media of pH 3 and 7 at 25 oC. 
 
Since the sensitivity of the hollow particles toward changes in pH of the environment 
is the basic requirement for application in controlled drug release (Xu et al., 2006), the 
pH-responsive behavior of the cross-linked hybrid hollow nanospheres in aqueous 
media of different pH was investigated. The KVDM1 copolymer hollow nanospheres 
obtained at pH 7 (Figure 3.12(a)) is smaller than those obtained at pH 3 (Figure 
3.12(b)). The average diameter of hybrid nanospheres increased from about 10 to 13 




particle size is also confirmed by dynamic light scattering (DLS) measurement. Figure 
3.14 shows the pH dependence of the hydrodynamic diameters (Dh) and size 
distribution of the hybrid nanospheres of KVDM1 copolymer derived from DLS  
 
Figure 3.15 pH Dependence of zeta potential of the cross-linked hybrid hollow 
nanospheres prepared from KVDM1 copolymer of Table 3.2 at 25 oC. Preparation 
conditions: initial copolymer concentration, Cini= 0.5 wt%; water content in THF/water 
binary solvent = 44.4 wt%; TEA concentration= 0.11 wt%. 
 
measurements. The copolymer nanospheres have a smaller Dh at pH 7. The Dh 
increases when pH of the medium is reduced to 3. The pH dependence of size can be 
attributed to the presence of tertiary amino groups of the DMAEMA units in the 
copolymer molecule. At low pH, the tertiary amino groups of DMAEMA units are 
protonated. As pH of the medium is increased, the amino groups become deprotonated 
and the DMAEMA units become hydrophobic, leading to the decrease in the micellar 




pH on surface charge of the so-obtained hybrid nanospheres in aqueous media. As 
shown in Figure 3.15, the zeta potential decreased with the increase in pH of the 
medium, which is consistent with the pH-responsive properties of P(DMAEMA). The 
 
Figure 3.16 The effect of pH on the normalized fluorescence (excitation wavelength at 
295 nm) spectra of a 0.5 wt% aqueous solution of KVDM1 copolymer of Table 3.2 at 
25 oC. 
 
pH-dependent surface potential also indicates that the P(DMAEMA-co-MPS) side 
chains give rise to the corona on the wall of hollow nanospheres. Carbazole is a 
well-known photoluminescent chromophor (Panthi et al., 2010, Sanda et al., 2004). 
The effect of pH on the optical properties of the cross-linked hybrid nanospheres was 
investigated. The fluorescence intensity (If) of a 0.1 wt% aqueous solution of each 
copolymer sample was monitored at the excitation wavelength of 295 nm. Figure 3.16 
shows the variation in If of KVDM1 nanospheres in the solution pH range of 3 to 9 at 




pH of the surrounding environment. The If is maximum when pH of the medium is 3, 
and is quenched when pH of the medium is increased. The switching in If by pH is 
completely reversible. The phenomena can be attributed to the presence of tertiary 
amino groups of DMAEMA units in the copolymer molecule. The tertiary amino 
species are good electron donors and are known to quench photoelectron transfer (PET) 
from/to the excited state of polyaromatic molecules (Diaz-Fernandez et al., 2006). At 
low pH, the amino groups are protonated, the fluorescence of P(NVK) is in the 
un-perturbed state. As pH of the medium is increased, the tertiary amino groups 
become deprotonated. The fluorescence is quenched by the tertiary amino groups 
(Diaz-Fernandez et al., 2006). Therefore, the existence of tertiary amino groups can 
result in reversible changes in fluorescence intensity of the copolymer solution in 
response to changes in pH.  
 
3.2.3.4. Temperature-sensitive properties of the cross-linked hybrid hollow 
nanospheres 
The temperature-responsive behavior of the cross-linked hybrid hollow nanospheres in 
aqueous media of different temperature was investigated. As Figure 3.17(a) of the DLS 
results shows, the Dh of the cross-linked nanospheres of KVDM1 decreases with the 
increase in temperature of the environment. The average Dh is about 22 nm at 40 oC, 
smaller than that of 32 nm at 25 oC. The temperature-dependent Dh of the hybrid 
nanospheres can be attributed to the temperature-sensitive P(DMAEMA) contents of 
the comb-like copolymers. Differential scanning calorimetry (DSC) measurement 
shows that the cross-linked nanospheres self-assembled and gelated from KVDM1 has 
a lower critical solution temperature (LCST) of about 34 oC at pH 7 (Figure 3.18). At a 





Figure 3.17 (a) Hydrodynamic diameters (Dh) of the cross-linked hybrid hollow 
nanospheres prepared from KVDM1 copolymer of Table 3.2 and their size distribution 
in aqueous media of 25 oC and 40 oC at pH 7, and (b) the effect of temperature on the 
normalized fluorescence (excitation wavelength at 295 nm) spectra of a 0.5 wt% 




hydrophilic and assume a highly extended conformation. On the other hand, the 
P(DMAEMA)-contained side chains become less hydrophilic at temperature above the 
LCST (40 oC), giving rise to the reduction of the particle size. 
The effect of temperature on the optical properties of the copolymer nanospheres was 
also investigated. Figure 3.17(b) shows the variation in If of cross-linked KVDM1 
nanospheres at 25 and 40 oC. The solution of hybrid nanospheres shows a reversible If 
in response to changes in temperature of the surrounding environment, which is 
consistent with the LCST behaviors. 
 
Figure 3.18 DSC thermogram of the cross-linked hybrid hollow nanospheres prepared 
from KVDM1 copolymer of Table 3.2 (the temperature at the minimum point of the 
endotherm was referred as LCST of the hybrid nanospheres). Preparation conditions: 
initial copolymer concentration, Cini= 0.5 wt%; water content in THF/water binary 
solvent = 44.4 wt%; TEA concentration= 0.11 wt%. 
 
3.2.3.5. Effect of side chain length and gelation conditions on the morphology of 
hybrid hollow nanospheres 




hollow nanospheres was then investigated. TEM images of the hybrid hollow 
nanospheres prepared from KVDM2 and KVDM3 copolymers of Table 3.2 were 
shown in Figure 3.12(c) and 3.12(d), respectively. At constant pH 7 and 25 oC, with the 
increase in side chains length, the average diameter of the resulting nanospheres has 
increased from about 10 nm for KVDM1 copolymer (Figure 3.12(a)) to 23 nm for 
KVDM2 copolymer (Figure 3.12(c)) and 54 nm for KVDM3 copolymer (Figure 
3.12(d)). The increase in particle size can be attributed to the increase in repulsive 
force, arising from the increased content of protonated DMAEMA units in the graft 
chains or molecular brushes. The dependence of size of the hybrid hollow nanospheres 
on the side chains length of the comb-like copolymers was also 
 
Figure 3.19 Hydrodynamic diameters (Dh) of the cross-linked hybrid hollow 
nanospheres prepared from KVDM2 and KVDM3 copolymer of Table 3.2 and their 
size distribution at pH 7 and 25 oC. Preparation conditions: initial copolymer 
concentration, Cini= 0.5 wt%; water content in THF/water binary solvent = 44.4 wt%; 





confirmed by DLS results (Figure 3.19). Similar to those of KVDM1, the cross-linked 
hybrid hollow nanospheres of KVDM2 and KVDM3 are also temperature-sensitive. 
Their corresponding Dh decrease from 71 and 146 nm to 55 and 112 nm, respectively, 
when the temperature increases from 25 to 40 oC. It should be noted that the 
polymer-based hollow nanoparticles are flexible and can be subjected to deforming 
after being dried at room temperature (Figure 3.12(c)) (Li et al., 2008). However, it is 
well-known that the inorganic structures are more stable than the organic ones. Thus, 
the hollow nanospheres without the addition of TEA catalyst for gelation (Figure 3.20) 
are more likely to become distorted, in comparison to the cross-linked hybrid spheres 
(Figure 3.12(d)).  
 
 
Figure 3.20 TEM image of the hollow nanospheres prepared from KVDM3 copolymer 
of Table 3.2 without the addition of TEA catalyst for gelation. Preparation conditions: 
initial copolymer concentration, Cini= 0.5 wt%; water content in THF/water binary 






“Comb-like” graft copolymers, consisting of a P(NVK-co-VBC) copolymer backbone 
from free radical polymerization and well-defined P(DMAEMA-co-MPS) graft (side) 
chains from controlled radical polymerization, have been synthesized. The 
P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) copolymers can self-assemble into 
hollow nanospheres in a THF/water binary solvent. Gelation of the MPS units to form 
a polysilsesquioxane network in the shell of hollow nanospheres produces the 
shape-stable organic-inorganic hybrid hollow nanostructures. The size of the hybrid 
hollow nanospheres can be tuned by pH and temperature of the dispersion medium and 
the length of the hydrophilic P(DMAEMA-co-MPS) side chains of the copolymers. In 
addition to the well-defined molecular architecture and morphology, the hybrid 
nanospheres also exhibit reversible pH- and temperature-dependence in fluorescence 
intensity in aqueous media. Thus, the functional nanostructures associated with the 
amphiphilic comb-like copolymers have potential applications as biomaterials and in 
biomedical systems, such as in stimuli-responsive drug delivery and release systems. 
The copolymers can also act as optical sensory materials for changes in pH or 






Chapter 4  
 
 
Mesoporous Silica Nanospheres with pH- and 







Over the past a few decades, mesoporous materials with specific functional properties 
have been developed for applications in different areas of optics, biomedicine, 
catalysis, sensing, and controlled release (Börner, 2009, Comes et al., 2004, Guo et al., 
2010). Mesoporous silica nanoparticles (MSNs), which can be used as carriers for 
controlled drug/gene release, have gained increasing interest because of their 
nontoxicity, controllable pore size and high surface area (Heikkila et al., 2007, 
Slowing et al., 2008). A widely used method for design and fabrication of mesoporous 
silica materials with desired surface properties for controlled release systems (CRSs) is 
surface modification by covalently tethered functional polymers (Boyer et al., 2010, 
McFarlane et al., 2010). For many controlled release applications, “zero-premature 
release” targeting systems are of the most promising candidates. The “zero-premature 
release” CRSs can achieve maximum delivery efficacy and minimize drug toxicity 
(Vivero-Escoto et al., 2009). However, fabrication of such CRSs with “zero-premature 
release” and “stimuli-responsive controlled release” remains a challenge.  
 
Recently, a versatile “grafting-to” method based on alkyne-azide “click chemistry”, 
developed by Sharpless et al., has gained significant attention due to its fidelity, high 
efficiency and mild reaction conditions (Kolb et al., 2001, Ranjan and Brittain, 2007). 
A great deal of functional materials, such as block and graft copolymers, star-like and 
dentritic polymers, and gels and networks (Binder and Sachsenhofer, 2008, Golas and 
Matyjaszewski, 2010, Tsarevsky et al., 2007, Urien et al., 2008), have been prepared 
via alkyne-azide “click chemistry”. In this chapter, pH- and temperature-responsive 
fluorescent copolymers of (2-dimethyl amino)ethyl methacrylate (DMAEMA) and 




radical polymerization (ATRP) in the presence of a pyrene-containing fluorescent 
initiator. The copolymers were then treated by NaN3 to produce azide-functionalized 
groups. Well-defined pH- and temperature-responsive fluorescent mesoporous silica 
nanospheres (MSNs) were obtained by subsequently anchoring of the 
azide-functionalized P(DMAEMA-co-4VP) copolymers to the surface of 
alkyne-functionalized MSNs via alkyne-azide click chemistry. Finally, the MSNs 
functionalized by the stimuli-responsive copolymers were evaluated as agent carriers 
for controlled release. 
 
4.2 Experimental Section 
4.2.1. Materials 
4-Vinyl pyridine (4VP, 95%) were obtained from Sigma-Aldrich Chemical Co. and 
was purified by vacuum distillation before use. Copper(I) bromide (CuBr, 99%), 
N,N,N',N'',N''-pentamethyldiethylenetriamine (PMDETA), 2-bromoisobutyryl bromide 
(98%), 1-pyrenemethanol (98%), tetraethyl orthosilicate (TEOS, 98%), cetyl 
trimethylammonium bromide (CTAB, 99%), sodium azide (99%), ibuprofen (IBU, 
99%) and all solvents (analytical grade) were also obtained from Sigma-Aldrich 
Chemical Co. and were used as received. Purified argon was used in all reactions. 
((2-Propynylurea)propyl) triethoxysilane (PPTEOS) was synthesized according to 
procedures described in the literature (Choualeb et al., 2003). Other chemicals used are 
the same as those in Chapter 3.1. 
 
4.2.2. Synthesis of the bromide-terminated P(DMAEMA-co-4VP) copolymers 






Scheme 4.1 Schematic illustration of synthesis procedures of the fluorescent pH- and 
temperature-responsive P(DMAEMA-co-4VP) copolymers using the pyrene-Br 
initiator, and grafting to the surface of alkyne-functionalized mesoporous silica 
nanospheres via alkyne-azide “click chemistry”. 
 
The synthesis procedures for the fluorescent pH- and temperature-responsive 
P(DMAEMA-co-4VP) copolymers are shown in Scheme 4.1. Initially, the fluorescent 
2-bromoisobutyryl-methyl pyrene (pyrene-Br) initiator was synthesized. Thus, 
1-pyrenemethanol (1.02 g, 4.31 mmol) and triethylamine (TEA) (0.22 g, 4.31 mmol) 
were dissolved in tetrahydrofuran (THF, 20 mL) in a 50 mL two-necked round 
bottomed flask, fitted with an Ar inlet and a rubber septum, and cooled in an ice bath. 
2-Bromoisobutyryl bromide (0.96 g, 4.31 mmol) was added into the reaction mixture 
drop-wise. White precipitates of triethylammonium bromide were observed and the 
reaction mixture was stirred overnight at room temperature. After the precipitate was 
filtered off, THF was removed by rotary evaporation. The residue was purified by 
column chromatography (silica gel; hexane/ethyl acetate, v/v: 1/1) to yield the dark 





Copolymerization of DMAEMA and 4VP was carried out under the typical conditions 
of ATRP in the presence of the synthesized fluorescent initiator pyrene-Br. Thus, for 
the synthesis of P5 copolymer in Table 4.1, 0.42 mL of 4VP (3.66 mmol), 5.63 mL of 
DMAEMA (33.1 mmol), 34.9 mg of pyrene-Br (0.092 mmol), 13.4 mg of CuBr (0.092 
mmol), and 5 mL of N,N-dimethylformamide (DMF) were introduced into a 25 mL 
flask equipped with a magnetic stirrer. After the monomers had dissolved completely, 
the reaction mixture was degassed by bubbling argon through the solution for 30 min. 
Then, 17.4 µL of HMTETA (0.092 mmol) was added into the reaction mixture under 
an argon atmosphere. The reaction mixture was purged with argon for an additional 10 
min. The flask was sealed tightly with a rubber stopper under an argon atmosphere. 
The polymerization was allowed to proceed under continuous stirring at 70 oC for a 
predetermined period of time. The reaction was terminated by exposing the reaction 
mixture to air. The copolymer solution was diluted by adding an excess volume (5 
folds) of distilled water and subject to dialysis thrice in doubly distilled water 
(cellulose membrane dialysis tubing was purchased from Sigma-Aldrich Chemical Co. 
and had a molecular weight cut-off of 12 000) for 72 h to remove the catalyst and 
residual monomers. The copolymer (a brown solid) was recovered by evaporating the 
solvent and drying under reduced pressure. Gel-permeation chromatography (GPC) 
measurements: number-average molecular weight (Mn) = 26700 and polydispersity 
index (PDI) = 1.25. Proton nuclear magnetic resonance (1H NMR) spectroscopy 
measurements: monomer repeat units, [DMAEMA]:[4VP] = 148:30. Other 
P(DMAEMA-co-4VP) copolymers (P1, P2, P3 and P4 in Table 4.1) were prepared 





4.2.3. Synthesis of the azide-terminated P(DMAEMA-co-4VP) copolymers  
A mixture of copolymer P5 in Table 4.1 (267 mg, 0.01 mmol), NaN3 (6.5 mg, 0.1 
mmol) and DMF (3 ml) in a 10 mL flask was stirred at 50 oC for 24 h. After cooling to 
room temperature, the mixture was diluted 5-fold with THF and passed through a short 
aluminum oxide column. After removal of THF in a rotary evaporator, the copolymer 
was precipitated in excess petroleum ether, prior to being dried under reduced pressure. 
Other bromide-terminated P(DMAEMA-co-4VP) copolymers (P1, P2, P3 and P4 in 
Table 4.1) were also converted using similar procedures. 
 
4.2.4. Grafting of azide-terminated P(DMAEMA-co-4VP) on 
alkyne-functionalized mesoporous silica nanospheres (MSN-alkyne) via 
alkyne-azide “click chemistry” 
Alkyne-functionalized mesoporous silica nanospheres (MSN-alkyne) were prepared by 
a modified Stöber method (Gao et al., 2009). About 2 mL of TEOS was added to a 
mixture of 0.6 g CTAB, 288 mL of ethanol, 166 mL of doubly distilled water, and 14.4 
mL of aqueous ammonia solution (25 wt%). The reaction mixture was stirred 
vigorously at room temperature for 2 h. About 1 mL of PPTEOS was then injected into 
the mixture to introduce the alkyne groups onto the surface of silica nanospheres over 
a reaction period of 24 h. After the reaction, the alkyne-functionalized silica 
nanospheres (SiO2-alkyne) were purified by three cycles of centrifugation and 
redispersion in ethanol and doubly distilled water. MSN-alkyne was then prepared by 
removing CTAB inside the SiO2-alkyne by ion-exchange. One gram of SiO2-alkyne 
over a reaction period of 24 h. After the reaction, the alkyne-functionalized silica 
nanospheres (SiO2-alkyne) were purified by three cycles of centrifugation and 




removing CTAB inside the SiO2-alkyne by ion-exchange. One gram of SiO2-alkyne 
powder was dispersed in a mixture of 150 mL of ethanol and 0.3 g of NH4NO3. The 
mixture was stirred at 70 °C for 30 min. The above CTAB-removal process was 
repeated twice. 
 
The P(DMAEMA-co-4VP) grafted MSNs were subsequently prepared via 
alkyne-azide “click chemistry”. Thus, 0.05 g of MSN-alkyne, 1 g of azide-terminated 
P(DMAEMA-co-4VP) (azide terminated P5 copolymer in Table 4.1), 3.4 mg of CuBr 
and 4 mL of DMF were introduced into a 10 mL flask equipped with a magnetic stirrer. 
The mixture was degassed by bubbling argon through the solution for 30 min. Then, 
5.6 µL of PMTETA was added into the reaction mixture under an argon atmosphere. 
The reaction mixture was purged with argon for an additional 10 min. The flask was 
sealed with a rubber stopper under an argon atmosphere. The click reaction was 
allowed to proceed under continuous stirring at 50 oC for 48 h. After the reaction, the 
hybrid MSNs with surface grafted P(DMAEMA-co-4VP) brushes (MSN-click-P5) 
were purified by three cycles of centrifugation and redispersion in DMF and doubly 
distilled water. 
 
4.2.5. Agent loading and release measurements 
IBU was used as the model agent in the in vitro controlled loading and release 
experiments (Andersson et al., 2004, Zhao et al., 2008). IBU was dissolved in ethanol 
to a concentration of 33 mg/mL. Then, 1 g of the MSN-click-P5 powder was dispersed 
in 30 mL of the IBU solution at 20 oC. After stirring for 72 h, the MSN-click-P5 with 
loaded IBU was separated by centrifugation, and dried at 50 °C. The amount of IBU 




GENios) at a wavelength of 265 nm (Zhao et al., 2008). 
 
The IBU loaded MSN-click-P5 powder was dispersed into the release fluid (50mL) of 
different pH (pH=3, 7 and 9) at 20 oC or 37 oC, under stirring at a rate of 100 rpm. The 
release fluid (1 mL) was removed, at fixed time intervals, for analysis with a 
microplate reader (Tecan GENios) at the wavelength of 265 nm. The mixture was 
re-plenished with the same volume of fresh fluid. Calculation of the corrected 








= + ∑                                                   (4.1) 
where Cc is the corrected concentration at time t, Ct is the apparent concentration at 
time t, v is the volume of sample taken, and V is the total volume of release medium. 
 
4.2.6. Characterization 
The optical transmittance through the aqueous solution of samples was measured using 
a microplate reader (Tecan GENios). Nitrogen sorption isotherms were measured at 50 
℃ with a Quantachrome NOVA3000. Other instruments used are the same as those in 
Chapter 3.1. 
 
4.3 Results and Discussion 
4.3.1. Synthesis of the pH- and temperature-responsive fluorescent 
P(DMAEMA-co-4VP) copolymers 
The synthesized P(DMAEMA-co-4VP) copolymers were characterized by X-ray 
photoelectron spectroscopy (XPS), Fourier-transform infrared (FT-IR) spectroscopy 




respective XPS widescan and Br 3d core-level spectra of (a,b) pyrene–Br, and 
widescan and N 1s core-level spectra of the (c,d) P1 copolymer and (e,f) P5 copolymer 
in Table 4.1. In the widescan spectrum of pyrene-Br in Figure 4.1(a), the C1s and Br 
3d signals are both present. The [Br]/[C] ratio, as determined from the sensitivity 
factor-corrected XPS Br 3d and C 1s core-level spectral area ratio, is about 4.6%, 
which is in good agreement with the theoretical ratio of 4.76% for the chemical 
structure of pyrene-Br. In the Br 3d core-level spectrum (Figure 4.1(b)), the presence 
of the spin-orbit-split doublet (Br 3d5/2 and Br 3d3/2) at the respective BE of 70.4 and 
 
Figure 4.1 Widescan and Br 3d core-level spectra of (a, b) pyrene–Br, and widescan 
and N 1s core-level spectra of (c, d) P1 copolymer in Table 4.1, and (e, f) P5 




















P1 1:40:360 24 7.73 22400 1.29 23/176 26/171 
P2 1:120:280 24 2.57 24500 1.24 56/145 58/141 
P3 1:200:200 12 0.89 19500 1.31 77/68 76/73 
P4 1:280:120 12 0.45 21280 1.19 91/41 89/44 
P5 1:360:40 12 0.17 26700 1.25 151/26 148/30 
aDetermined from XPS N 1s core-level spectral peak area ratio. 
bDetermined from GPC results. PDI = Weight-average molecular weight/Number-average molecular weight, or Mw/Mn. 
cDetermined from the [=N-]/[-N(CH3)2] ratios derived from XPS N 1s spectra, Mn’s, and the molecular weights of DMAEMA (157.22 g/mol) and 4VP 
(105.14 g/mol). 





71.5 eV, attributable to the covalent C-Br species (John F. Moulder, 1992), further 
confirms the coupling reaction between 1-pyrenemethanol and 2-bromoisobutyryl 
bromide.  
 
In the widescan spectra of P1 copolymer in Table 4.1 (Figure 4.1(c)) and P5 
copolymer in Table 4.1 (Figure 4.1(e)), the N 1s signal has appeared. The N 1s 
core-level spectra of P1 (Figure 4.1(d)) and P5 (Figure 4.1(f)) can be curve-fitted into 
two peak components with BE at about 398.4 and 399.4 eV (Kang et al., 1998), 
attributable to the imine species (=N-) of 4VP units and the tertiary amino species 
(-N(CH3)2) of DMAEMA units, respectively. As shown in Figure 4.1 and Table 4.1, the 
decrease in [=N-]/[-N(CH3)2] ratio (determined from the N 1s peak component area 
ratio) is consistent with the increase in P(DMAEMA) content in the copolymer. Each 
DMAEMA unit contains one [-N(CH3)2] specie, whereas each 4VP unit contains one 
[=N-] specie. Thus, the number of DMAEMA and 4VP repeat units in the copolymer 
can be estimated from the number-average molecular weight (Mn) and the 
[=N-]/[-N(CH3)2] peak component area ratio in the N 1s core-level spectrum of the 
copolymer. The results are summarized in Table 4.1. In all cases, the atom transfer 
radical polymerization (ATRP) was well controlled, giving rise to copolymers with low 
polydispersity indices (PDI).  
 
For the 1H NMR spectrum of pyrene-Br in Figure 4.2(a), the chemical shift at δ = 1.9 
ppm is attributable to the methyl protons (signal a). The chemical shift at δ = 5.9 ppm 
is assigned to the methylene protons (signal b). The chemical shifts in the region of 
8.0-8.4 ppm are associated with the protons of the aromatic rings of the pyrene group 




shifts at δ = 2.3 (signal d’) and 2.6 ppm (signal d) are associated with the methylene 
and methyl protons, respectively, of the DMAEMA units in the copolymer. The 
chemical shift at δ = 4.1 ppm corresponds to the methylene protons adjacent to the 
 
Figure 4.2 1H NMR spectra of (a) pyrene–Br and (b) P5 copolymer in Table 4.1. 
 
oxygen moieties of the ester linkages (signal f) in the DMAEMA units. The chemical 
shifts in the region of 6.8-7.1 are associated with the protons on the aromatic rings of 
the pyridinium rings (signals c’) of the 4VP segments. The chemical shifts in the 
regions of 8.0-8.5 ppm are associated with the protons on the aromatic rings (signals c) 
of the pyrene-Br initiator and the pyridinium rings (signals c’’) of the 4VP segments. 
The composition of the copolymers can be determined from the ratio of the 1H NMR 
signal at δ = 4.1 ppm, associated with the two methylene protons adjacent to the 
oxygen moieties (signals f) of DMAEMA units, to that at δ = 6.8-7.0 ppm, associated 




agreement was obtained for the copolymer compositions derived from XPS N 1s 
core-level spectra and 1H NMR spectra (Table 4.1).  
 
Figure 4.3(a) and Figure 4.3(b) show the respective FT-IR spectra of pyrene–Br and P5 
copolymer in Table 4.1. In Figure 4.3(a), the intense absorption bands at about 1596 
and 1462 cm-1 are associated with the aromatic rings of the pyrene moiety. In addition, 
the stretching vibration of the carbonyl species in the 2-bromopropionyl group appears 
at 1727 cm-1. The presence of characteristic absorption peaks associated with the  
 
Figure 4.3 FT-IR spectra of (a) pyrene–Br and (b) P5 copolymer in Table 4.1. 
 
2-bromopropionyl and pyrene groups of pyrene-Br indicates successful coupling of 
1-pyrenemethanol and 2-bromoisobutyryl bromide. In Fig 3(b), the characteristic 




groups of DMAEMA units, while the characteristic peaks at 1633, 1557, and 1415 
cm-1 are associated with stretching vibrations of the pyridinium rings of 4VP units. The 
FT-IR spectroscopy results thus suggest successful copolymerization of 4VP and 
DMAEMA. 
 
4.3.2. Effect of pH and temperature on the optical properties of the 
P(DMAEMA-co-4VP) copolymers 
Molecular devices capable of signaling the changes of environmental pH and 
temperature can be of importance in imaging, diagnostics, and monitoring of biological 
processes (Bertrand et al., 2009, Hilderbrand et al., 2008). The effect of pH on the 
optical properties of the P(DMAEMA-co-4VP) copolymers was first investigated. The 
fluorescence intensity (If) of a 0.1 wt% aqueous solution of each copolymer was 
monitored at the excitation wavelength of 346 nm. Figure 4.4 shows the variation in If  
 
Figure 4.4 Effect of pH on the normalized fluorescence spectra (excitation wavelength 






Figure 4.5 Effect of pH on the transmittance of 0.1 wt% aqueous solutions of the 
P(DMAEMA-co-4VP) copolymers. 
 
of P5 at different pH of 1 to 9 at a constant temperature of 20 oC. The results indicate 
that the copolymer exhibits the ability of controllable switching in If within a pH 
window. If increases as pH of the medium is raised to above 2, and decreases when pH 
of the medium is further increased to above 5. The pH response in fluorescence 
intensity of other copolymers, P1, P2, P3 and P4, is similar to that of P5. The 
switching in If by pH can be attributed to the simultaneous presence of the pyridinium 
groups of 4VP units and the tertiary amino species of DMAEMA units in the 
copolymer molecule. P(4VP) and P(DMAEMA) are both well-known pH-sensitive 
water-soluble polymers (du Sart et al., 2010, Hadjiantoniou et al., 2010, Tang et al., 
2010). The pyridinium groups of P(4VP) and the tertiary amino groups of 




pronounced change in hydrophilicity of the copolymer in response to the pH of the 
media. In addition, the protonated pyridinium groups and the tertiary amino species are 
both well-known to quench photoelectron transfer (PET) from/to the excited state of 
polyaromatic molecules (deSilva et al., 1996, Diaz-Fernandez et al., 2006, Pallavicini 
et al., 2009). Pyrene is the light-emitting component and is covalently linked to the 
P(DMAEMA-co-4VP) copolymer molecules. The apparent dissociation constant (pKa) 
of P(4VP) is about 4.5-4.7 (Zhao et al., 2008) and P(4VP) is soluble in an aqueous 
acidic solution. P(DMAEMA) is a weak polybase and has a pKa of about 7.0–7.3 in 
water (Li et al., 2003). The difference in pKa of the two basic groups allows the 
copolymers to respond to variation in solution pH. At pH lower than the pKa of 
P(4VP), both the pyridinium groups of 4VP units and the tertiary amino groups of 
DMAEMA units are protonated. The fluorescence is quenched, as the protonated 
pyridinium groups behave as quenchers of PET (deSilva et al., 1996, Diaz-Fernandez 
et al., 2006, Pallavicini et al., 2009). As pH is increased to above the pKa of P(4VP), 
the pyridinium groups are no longer protonated (while the amino groups of DMAEMA 
units still are) and thus the fluorescence is in the un-perturbed state. As pH is increased 
further to above the pKa of P(DMAEMA), the tertiary amino groups also become 
deprotonated. The copolymer molecule becomes neutral and the fluorescence is 
quenched again, arising from the quenching effect of the tertiary amino groups 
(Diaz-Fernandez et al., 2006). 
 
The transmittance of light through 0.1 wt% aqueous solutions of the copolymers was 
measured using a microplate reader at 600 nm. Figure 4.5 shows the effect of pH on 
the optical transmission of the copolymer solutions. The cloud points for P1, P2 and 





Figure 4.6 Effect of temperature on (a) the transmittance of a 0.1 wt% aqueous 
solution of P5 copolymer in Table 4.1 at different pH of 3, 7 and 9, and (b) the 
normalized fluorescence intensity (excitation wavelength at 346 nm) of a 0.1 wt% 





P5. The difference in cloud points of these copolymers can be attributed to the various 
contents of 4VP units in the copolymer molecules. Thus, the hydrophilicity of 
P(DMAEMA-co-4VP) copolymers is determined by the extent of protonation in 
aqueous media.  
 
P(DMAEMA) also exhibits temperature-sensitivity in an aqueous medium. The 
transmittance of light through an aqueous solution of the synthesized 
P(DMAEMA-co-4VP) copolymers was used to determine the thermo-responsive 
properties by a microplate reader at 600 nm. Figure 4.6(a) shows the 
temperature-dependent transmittance of an aqueous solution of the P5 copolymer in 
Table 4.1. At pH 7, the transmittance of the aqueous solution of P5 decreases 
considerably as the temperature is raised to above 27 oC. On the other hand, the 
transmittance remained almost unchanged towards the change in temperature at pH 3 
and 9. The results indicate that P5 copolymer exhibits a lower critical solution 
temperature (LCST) of around 27 oC at pH 7, but not at pH 3 and 9. The pH-dependent 
LCST of P(DMAEMA)-containing copolymers agrees with the previous reports (Lin 
et al., 2008, Weaver et al., 2008). Figure 4.6(b) shows the fluorescence spectra of a 0.1 
wt% aqueous solution of P5 at pH 7 when subjected to a heating and cooling cycle 
between 20 and 40 oC. If is maximum at 20 oC, and is quenched when temperature is 
increased, consistent with the LCST behaviors of P5. 
 
4.3.3. Grafting of P(DMAEMA-co-4VP) copolymers on alkyne-functionalized 
mesoporous silica nanospheres (MSN-alkyne) via alkyne-azide “click chemistry” 
The synthesized pH- and temperature-responsive fluorescent P(DMAEMA-co-4VP) 





Figure 4.7 FT-IR spectra of (a) azide-terminated P(DMAEMA-co-4VP) copolymer 
(azide-terminated P5 in Table 4.1), (b) ((2-propynylurea)propyl) triethoxysilane 
(PPTEOS), (c) alkyne-functionalized mesoporous silica nanospheres (MSN-alkyne) 
and (d) P5 in Table 4.1 grafted MSNs (MSN-click-P5). 
 
(MSNs) to functionalize the substrates via alkyne-azide “click chemistry”, as shown in 
Scheme 4.1. One of the fundamental principles underlying ATRP is the halogen 
exchange during polymerization between the halogen-terminated growing polymer 
chain/Cu(I) complex and macroradical/Cu(II) complex (Matyjaszewski and Tsarevsky, 
2009). The Br 3d core-level spectra in the insets of Figure 4.1(c) and 4.1(e) indicate 
that the P(DMAEMA-co-4VP) copolymers synthesized via ATRP still retain terminal 
alkyl bromide chain ends. The bromide-terminated copolymers can be readily treated 
by NaN3 to give rise to the azide-terminated groups. After the conversion of bromide 
to azide, the azide-terminated P(DMAEMA-co-4VP) copolymers can be “clicked” 




Figure 4.7(a)-(d) show the respective FT-IR spectra of the azide-terminated 
P(DMAEMA-co-4VP) copolymer (azide-terminated P5 copolymer in Table 4.1), 
((2-propynylurea)propyl) triethoxysilane (PPTEOS), MSN-alkyne and the P5 grafted 
MSNs (MSN-click-P5). In the FT-IR spectrum of azide-terminated P5 copolymer 
(Figure 4.7(a)), the appearance of the asymmetry stretching vibration of azide peak at 
2120 cm-1 reveals the successful conversion of bromide to the reactive azide group. In 
the spectrum of PPTEOS in Figure 4.7(b), the presence of the characteristic absorption 
peak of alkyne group at 3328 cm-1, the stretching vibration peak of C=O group at 1622 
cm-1 and the stretching vibration peak of N-H group at 1586 cm-1 indicate the 
successful synthesis of PPTEOS according to the literature (Choualeb et al., 2003). In 
the MSN-alkyne spectrum of Figure 4.7(c), the presence of the characteristic 
absorption peak of C=O group at 1622 cm-1, N-H group at 1586 cm-1, and the 
asymmetric stretching vibration peak of Si-O-Si bonds at 1089 cm-1 suggest a 
PPTEOS-functionalized surface of the silica nanospheres. The characteristic 
symmetric (2850 cm-1) and asymmetric (2929 cm-1) stretches are attributed to the 
methylene groups of PPTEOS. In addition, the stretching vibration of –CH3 group at 
around 2960 cm-1 disappears, indicating the complete removal of CTAB from MSNs. 
As shown in the spectrum of MSN-click-P5 nanospheres (Figure 4.7(d)), the 
appearance of the absorption peak at about 1719 cm-1 associated with DMAEMA units 
and the peaks at 1634, 1557, and 1416 cm-1 associated with 4VP units confirms the 
successful grating of P(DMAEMA-co-4VP) onto the surface of MSNs. 
 
The scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
images of the MSN-alkyne are shown in Figure 4.8(a) and 4.8(b), respectively. The 










monodispersed spherical nanoparticles with a smooth surface and mesoporous inner 
structure. The SEM and TEM images of the MSN-click-P5 are shown in Figure 4.9(a) 
and 4.9(b), respectively. After grafting of the P(DMAEMA-co-4VP) copolymer, the 
MSNs retained monodispersed size and the mesoporous structure. In comparison to the 
nanospheres before grafting, a significant change in size was observed. The 
MSN-click-P5 had an average diameter of about 290 nm, while the average diameter 
of the starting MSN-alkyne was about 260 nm, suggesting that a polymeric shell with 
an average thickness of 15 nm was successfully grafted on the MSNs.  
 
The stimuli-responsive behavior of the P(DMAEMA-co-4VP) copolymer modified 
MSNs in aqueous media was investigated. The hydrodynamic diameter (Dh) of the 
resultant core-shell hybrid nanospheres as a function of varying pH were determined 
by dynamic light scattering (DLS) measurements at 20 oC. The results are shown in 
Figure 4.10(a). The hydrodynamic size of the hybrid MSN-click-P5 decreases with the 
increase in pH of the medium. This change in size can be attributed to the 
deprotonation of pyridinium groups and tertiary amino groups of the 
P(DMAEMA-co-4VP) brushes at high pH. Deprotonation of pyridinium groups and 
tertiary amino groups at high pH render the P(DMAEMA-co-4VP) brushes 
hydrophobic, leading to the decrease in Dh of MSN-click-P5 (Li et al., 2008, Li et al., 
2008). At the constant pH of 7, the Dh of MSN-click-P5 decreases significantly from 
370 nm to about 350 nm with the increase in temperature of medium from 20 oC to 37 
oC (Figure 4.10(b)), indicating the thermo-responsive behavior of the grafted 
polymeric shell. This behavior is consistent with the LCST (27 oC) of copolymer P5 in 












Figure 4.10(c) shows the variation in normalized If at 374 nm of MSN-click-P5 in the 
pH range of 1 to 9. The pH-dependent If of the hybrid MSN-click-P5 is consistent with 
the pH-responsive If of P5, further indicating the successful grafting of the copolymer 
on MSNs via alkyne-azide click chemistry. 
 
The nitrogen adsorption-desorption isotherms of the so-obtained mesoporous silica 
nanospheres before and after surface functionalization with P5 copolymer were 
investigated. The MSN-alkyne and MSN-click-P5 have a surface area of about 791 and 
984 m2/g, respectively. In addition, the pore diameters of the respective nanostructures 
are both about 3.1 nm, indicating that copolymer P5 was only clicked on the external 
surface of the MSNs.  
 
4.3.4. Agent loading and release behavior of the MSN-click-P5 nanospheres  
To explore the agent loading and in-vitro release properties of the synthesized 
P(DMAEMA-co-4VP) grafted MSNs, ibuprofen (IBU), a typical antiseptic drug, was 
chosen as the model agent. IBU has a molecule size of about 1.0×0.6 nm (Vallet-Regi 
et al., 2001), allowing its un-perturbed diffusion and out of the mesoporous channels 
of the MSNs. In this work, the calculated loading amount of IBU on MSN-click-P5 
was about 25.4 wt%. The grafted P(DMAEMA-co-4VP) shell is thus permeable for 
IBU under the IBU loading experimental conditions. Figure 4.11(a) shows the 
pH-dependence of cumulative IBU release from MSN-click-P5 in aqueous media at 20 
oC. IBU was released continuously and the cumulative release reached about 78% after 
24 h at pH 3. In comparison, a faster IBU release was observed at pH 7 and the 
cumulative release reached 100% within 5 h. Furthermore, IBU underwent a fast 





Figure 4.10 (a) The effect of pH on hydrodynamic diameters (Dh) of P5 in Table 4.1 
grafted MSNs (MSN-click-P5) at 20 oC, (b) Dh and size distribution of MSN-click-P5 
at 20 oC and 37 oC at a constant pH of 7 and (c) the effect of pH on the normalized 






Figure 4.11 Cumulative release of IBU from P5 in Table 4.1 grafted MSNs 
(MSN-click-P5) at pH 3, 7, and 9 at different temperature of (a) 20 oC and (b) 37 oC. 
 
remained almost unchanged thereafter, indicating a “zero release” behavior after 3 h. 




attributed to the grafted pH-responsive P(DMAEMA-co-4VP) brushes. At 20 oC, the 
grafted P5 copolymer brushes on MSN is protonated and swollen at acidic pH (pH= 3). 
The grafted polymeric shell is in an “open” state and the loaded IBU can move out of 
the hybrid matrix. At pH 7, the grafted polymeric shell remains expanded, giving rise 
to an “open” state. The release rate is faster at pH 7 than that at pH 3 due to the higher 
solubility of IBU at neutral pH than at acidic pH (Gao et al., 2009). At pH 9, the 
collapse of unprotonated copolymer chains leads to a “closed” polymeric shell and 
confines most of the IBU in the inner pores of MSNs. The cumulative release of 33.4% 
within 3 h can be attributed to the release of IBU molecules adsorbed on the 
copolymer brushes. 
 
For comparison purpose, Figure 4.11(b) shows the pH-dependence of cumulative IBU 
release from MSN-click-P5 in aqueous media at 37 oC. The IBU release curves at pH 3 
and 9 are similar to those at 20 oC. However, the IBU release behavior is very different 
at pH 7. IBU was released slowly and the cumulative release reached about 33% 
within 5 h and remained unchanged thereafter, indicating a “zero-premature release” 
after 5 h. The great difference in IBU release behavior of MSN-click-P5 at different 
temperature can be attributed to the temperature-sensitivity of grafted 
P(DMAEMA-co-4VP) brushes. At 20 oC, the grafted polymeric shell expands and is in 
an “on” state. As the temperature increases to 37 oC, which is above the LCST of the 
grafted P5 copolymer (27 oC), the grafted P5 copolymer chains are in an associated 
state and the polymeric shell is “closed”. The cumulative release of about 33% at pH 7 
can also be attributed to the release of IBU adsorbed on the copolymer brushes. These 
results indicate that most of IBU can be successfully “locked” in MSN-click-P5 matrix 




the environment. Thus, the MSN-click-P5 hybrid matrix is a potential carrier material 
for controlled release systems (CRSs). 
 
4.4 Conclusions 
Well-defined pH- and temperature-responsive fluorescent P(DMAEMA-co-4VP) 
copolymers have been successfully prepared via ATRP and were subsequently grafted 
on the surface of MSNs via alkyne-azide “click chemistry”, giving rise to 
stimuli-responsive fluorescent mesoporous molecule-carriers. In aqueous media, the 
synthesized P(DMAEMA-co-4VP) copolymers exhibit controllable switching in 
fluorescence intensity within the pH window of 1 to 9, as well as in a heating–cooling 
cycle between 20 oC and 40 oC, suggesting their potential application as optical 
sensing materials. In the in vitro controlled release experiments, the IBU loaded in the 
P(DMAEMA-co-4VP)-grafted MSNs can be “locked” in the inner pores of the hybrid 
matrix at basic pH or high temperature, and triggered to be released out of the matrix 
by reducing the environmental pH or temperature. Thus, the grafted pH- and 
temperature-responsive fluorescent copolymer brushes on the MSNs played a role of 







Chapter 5  
 
 
Clickable Poly(Ester Amine) Dendrimer-Grafted Fe3O4 
Nanoparticles Prepared via Successive Michael Addition and 






Advances in polymerization technology in the past decades have permitted the 
synthesis of macromolecules with tailored compositions, novel architectures and 
unique biological and physicochemical properties (Adkins and Harth, 2008, Archer 
and Dierking, 2009, Braunecker and Matyjaszewski, 2007, Dierking, 2010, Kakwere 
and Perrier, 2011, 2009). Synthetic polymers can assume linear, cross-linked, branched 
and dendritic microstructures. Among them, dendritic polymers, also known as 
dendrimers, have received considerable attentions in recent years. The highly branched 
and well-defined nanostructure of dendrimers make them attractive candidates for 
applications in biosensing and drug delivery, protein separation and purification, and 
gene therapy (Gunning et al., 2010, Leung and Lau, 2010, Lo et al., 2010). The two 
most widely studied dendrimer families are the Fréchet-type poly(benzyl ether) and the 
Tomalia-type poly(amidoamine) (PAMAM) dendrimers (Lee et al., 2008, Liu et al., 
2009, Zheng et al., 2002). Poly(benzyl ether) dendrimers are mainly prepared by a 
convergent approach introduced by Fréchet and co-workers (Kawa and Fréchet, 1998). 
The core is installed in the final step and provides great structural control. On the other 
hand, the PAMAM dendrimers are synthesized by the divergent method, which 
involves preparing the dendrimers from the core by an iterative synthetic procedure 
(Franc and Kakkar, 2008, Zheng et al., 2002).  
 
Dendrimers are well-suited for encapsulation and functionalization of metal 
nanoparticles because of their fairly uniform composition and structure, and the 
presence of abundant terminal functional groups on the dendrimer periphery. The 
general preparation method for dendrimer protected metal nanoparticles depends on 




reduction with a chemical reductant (Gates et al., 2010, Murugan and Rangasamy, 
2010). Development of nanoparticles with specific functional properties has attracted 
considerable attention in recent years due to their promising applications in optics, 
drug release, biomedicine, catalysis, electrochemistry and as sensing materials (Corten 
and Urban, 2011, Dowdy and Leopold, 2010, Misra and Urban, 2009, Vargo et al., 
2010, Wen et al., 2010). A widely used method for designing and fabrication of 
nanoparticles with tailored surface properties is surface modification by covalently 
tethered functional polymers (Chevigny et al., 2010, Harton et al., 2010, Mu et al., 
2010, Rowe et al., 2009, Serrano-Ruiz et al., 2010). Recently, a versatile “grafting-to” 
method based on alkyne-azide “click chemistry”, developed by Sharpless et al., has 
gained significant attention due to its fidelity, high efficiency and mild reaction 
conditions (Kolb et al., 2001, Ranjan and Brittain, 2007). The alkyne-azide click 
chemistry has been intensively used for the synthesis of biopolymers and biomaterials 
due to its high selectivity and the absence of byproducts (Lundberg et al., 2011, Meldal, 
2008). 
 
Manetic field-responsive materials, especially iron oxide magnetic nanoparticles 
(MNPs) with typical diameter of < 20 nm have gained great interest because their 
potential in biomedical applications, such as drug delivery, magnetic resonance 
imaging (MRI) contrasts enhancement, and gene delivery (Babiuch et al., 2011, 
Bhattacharya et al., 2007). Recently, in particular, coating of polymer on MNPs is one 
of the most promising methods to realize their functionalities because the grafted 
polymer shell offers versitility in controlling the functional groups and chemical 
composition on the nanoparticle surface (Robbes et al., 2010, Tang et al., 2010). In last 




stimuli-responsive copolymer brushes. However, the large size of the MSN DDSs (> 
300 nm at 37 oC and neutral pH) does not facilitate intravenous drug delivery. In this 
chapter, poly(ester amine) (PEA) dendrimer-grafted Fe3O4 magnetic nanoparticles 
(MNPs)  were synthesized via combined inorganic sol-gel reaction, and successive 
Michael addition and alkyne-azide click chemistry. The resultant core-shell hybrid 
MNP consists of a magnetic core, a silica inner shell and an organic outer shell of 
well-defined PEA dendrimer. The surface properties, cytotoxicity, and further surface 
functionalization via alkyne-azide click reaction of the PEA dendrimer-grafted MNPs 
were investigated. 
 
5.2 Experimental Section 
5.2.1 Materials 
Iron(III) chloride (98%), sodium oleate (95%), oleic acid (90%), 1-octadecene (90%), 
Igepal® CO-520 (average Mn ~441), propargyl acrylate (98%), 
11-azido-3,6,9-trioxaundecan-1-amine (ATXDA, ≥90%), tetraethyl orthosilicate 
(TEOS, 98%) and 3-aminopropyltriethoxysilane (APS, 99%) were purchased from 
Sigma-Aldrich Chem. Co. and were used as received. All solvents (analytical grade) 
were also obtained from Sigma-Aldrich Chem. Co. and were used as received. Purified 
argon was used in all reactions. 
1-(2-(2-azidoethoxy)ethyl)-3-(3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xant
hene]-4-yl)thiourea (azide-terminated fluorescein) was synthesized according to the 
method reported in the literature (Santos et al., 2009). Spectra-Por dialysis membranes 
were obtained from Spectrum Laboratories, Inc. (molecular weight cut-off: 12, 000). 
Mouse macrophages (RAW 264.7) and 3T3 fibroblasts were purchased from the 




those in Chapter 4. 
 
5.2.2 Synthesis of the amine-functionalized Fe3O4-silica core-shell 
nanoparticles (Fe3O4-g-NH2, step 1) 
The magnetic nanoparticles (MNPs) were prepared according to the method described 
in the literature (Park et al., 2004). Initially, 10.8 g of iron chloride (40 mmol) and 36.5 
g of sodium oleate (120 mmol) were dissolved in a solvent mixture comprising 80 mL 
ethanol, 60 mL distilled water and 140 mL hexane. The resulting mixture was heated to 
70 °C and kept at that temperature for 6 h. Upon completion of the reaction, the upper 
organic layer containing the iron–oleate complex was washed three times with 30 mL 
of doubly distilled water in a separatory funnel. After washing, the iron–oleate 
complex in a waxy solid form was obtained by evaporating the hexane. In the next step, 
36 g (40 mmol) of the iron-oleate complex synthesized as described above and 5.7 g 
(20 mmol) of oleic acid were dissolved in 200 g of 1-octadecene at room temperature. 
The reaction mixture was heated to 320 °C with a constant heating rate of 3.3 °C min–1, 
and then kept at that temperature for 40 min. The resulting solution containing the 
MNPs was then cooled to room temperature, and 500 mL of ethanol was added to the 
solution. The black precipitate was separated via centrifugation, and then dissolved in 
40mL of hexane in the presence of oleic acid (1 mL) and oleylamine (1 mL). 
Centrifugation was applied to remove any undispersed residue. The product, oleic 
acid-stabilized Fe3O4 nanoparticles, was precipitated with ethanol, and collected by 
centrifugation. The nanoparticles were then dried under reduced pressure and stored at 
0-4 °C. 
 




prepared via inorganic sol-gel reaction. Approximately 30 mg of Fe3O4 nanoparticles, 
160 mL of hexane, 8 mL of Igepal® CO-520 and 140 µL of ammonia solution (25%) 
were introduced into a 250 mL flask equipped with a magnetic stirrer. After stirring at 
1000 rpm for 30 min, 200 µL of TEOS was added dropwise into the reaction mixture. 
The flask was sealed with a rubber stopper under an argon atmosphere and the reaction 
was allowed to proceed under continuous stirring at room temperature for 24 h. 
Another 200 µL of APS was then added dropwise into the flask. The flask was sealed 
again and the reaction was allowed to proceed under continuous stirring at room 
temperature for another 24 h. After the reaction, the Fe3O4-g-NH2 nanoparticles were 
purified by washing thoroughly with methanol. 
 
5.2.3 Synthesis of the alkyne-functionalized Fe3O4 nanoparticles (first 
generation, Fe3O4-g-G1, step 2) 
For the synthesis of Fe3O4-g-G1 nanoparticles, 30 mg of the Fe3O4-g-NH2 
nanoparticles was first dispersed in 60 mL of anhydrous methanol in a 150 mL flask. 
After purging with argon for 30 min, about 0.1 mL (0.9 mmol) of propargyl acrylate 
was added dropwise into the reaction mixture. The flask was sealed under an argon 
atmosphere and the reaction was allowed to proceed under continuous stirring at room 
temperature for 48 h. The resulting Fe3O4-g-G1 nanoparticles was centrifuged and 
redispersed in methanol for purification. The purification process was repeated thrice 
to ensure the complete removal of residual propargyl acrylate. 
 
5.2.4 Synthesis of the amine-terminated Fe3O4-g-G1 nanoparticles 
(Fe3O4-g-G1-NH2, step 3) 




30 mg of the Fe3O4-g-G1 were first dispersed in 20 mL of anhydrous 
N,N-dimethylformamide (DMF). After ultrasonication for 10 min, about 3.8 mg (26.4 
µmol) of CuBr and 5.8 µL (0.26 mmol) of ATXDA were added into the solution. The 
reaction mixture was degassed by bubbling argon through the solution for 30 min. 6 
µL of PMDETA was then added into the reaction mixture. The reaction mixture was 
purged with argon for an additional 10 min. The flask was sealed tightly with a rubber 
stopper under an argon atmosphere. The reaction was allowed to proceed under 
continuous stirring at 60 oC for 48 h. The reaction was terminated by exposing the 
reaction mixture to air. The resultant Fe3O4-g-G1-NH2 nanoparticles was centrifuged 
and redispersed in DMF. The dispersion was subject to dialysis in doubly distilled 
water for 72 h. The Fe3O4-g-G1-NH2 solution was freeze-dried after dialysis. 
 
5.2.5 Synthesis of more generations of dendritic poly(ester amine) 
(PEA)-grafted Fe3O4 nanoparticles 
As illustrated in Scheme 5.1, Fe3O4 nanoparticles grafted with more generations of 
PEA dendrimers (Fe3O4-g-G2, Fe3O4-g-G2-NH2, and Fe3O4-g-G3 in Table 5.1) can 
be obtained simply by repeating steps 2 and 3 in that sequence. 
 
5.2.6 Grafting of azide-terminated fluorescein onto the Fe3O4-g-G3 MNPs 
One of the promising characteristics of the resulting dendritic PEA-grafted MNPs is 
the preservation of active alkyne end groups of grafted PEA dendrimers (G1, G2 and 
G3). The active chain ends of the grafted dendrimers are available for reaction with 
azide-terminated molecules for further functionalization via alkyne-azide click 
chemistry. Thus, for the grafting of azide-terminated fluorescein on the Fe3O4-g-G3 




N,N-dimethylformamide (DMF) in a 25 mL flask equipped with a magnetic stirrer 
followed by ultrasonication for 10 min. 1.6 mg (11 µmol) of CuBr and 2.3 µL (0.11 
mmol) of azide-ended fluorescein were then introduced into the solution. The reaction 
mixture was degassed by bubbling argon through the solution for 30 min. Then, 5 µL 
of PMDETA was added into the reaction mixture. The reaction mixture was purged 
with argon for an additional 10 min and the reaction was allowed to proceed under 
continuous stirring at 60 oC for 48 h. After the reaction, the resultant 
fluorescein-grafted Fe3O4-g-G3 MNPs (Fe3O4-g-G3-fluorescein) were centrifuged and 
redispersed in ethanol. The dispersion solution was subject to dialysis in doubly 
distilled water for 72 h. 
 
5.2.7 Cytotoxicity of Fe3O4-g-G3 MNPs 
The cytotoxicity of Fe3O4-g-G3 MNPs was evaluated by determining the viability of 
mouse macrophages and 3T3 fibroblasts after incubation in media containing 
Fe3O4-g-G3 at concentrations of 0.1, 0.2, 0.5 and 1.0 mg/mL. Control experiments 
were carried out using the complete growth culture media without the MNPs. Cell 
viability testing was carried out via the reduction of the MTT 
(3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide) reagent. The MTT 
assay was performed in a 96-well plate following the standard procedure with minor 
modifications. These cells were seeded at a density of 1×104 cells per well and 
incubated at 37 oC for 24 h before the medium was replaced with one containing the 
Fe3O4-g-G3 MNPs. The cells were incubated at 37 oC for another 24 h in the medium 
containing the Fe3O4-g-G3 MNPs. The culture medium in each well was then removed 
and 90 μL of media and 10 μL MTT solution (5 mg/mL in PBS) were then added to 




crystals were dissolved with 100 μL of DMSO for 15 min. The optical absorbance was 
then measured at 560 nm on a microplate reader (Tecan GENios). The results were 
expressed as percentages relative to that obtained in the control experiments. The 
difference in the results obtained from Fe3O4-g-G3 MNPs and the controls were 
analyzed statistically using the two-sample t-test. The difference observed between 
samples was considered significant for P < 0.05. 
 
5.2.8 Cell uptake of Fe3O4-g-G3 MNPs 
Mouse macrophage cells were employed to assess the intracellular uptake of the MNPs. 
The macrophage cells were routinely cultured in their medium and seeded at a density 
of 1×105 cells per well in a 24-well culture plate for 24 h before the medium was 
replaced with those containing the MNPs at 0.1, 0.2, 0.5, and 1.0 mg/mL. In the 
control experiment, the cells were seeded and cultured in the same manner but without 
MNPs. After incubation at 37 oC for 24 h, the cells were washed three times with PBS 
to remove the nanoparticles in the medium and then were detached from the well walls 
with trypsin-EDTA (EDTA= ethylenediaminetetraacetic acid) solution. After counting 
with a hemocytometer, the cells were collected by centrifugation, and the cell pellets 
were dissolved in 37% HCl at 60 oC for 4 h. The iron concentration was determined 
using a Thermal Jarrell Ash Duo Iris inductively coupled plasma-mass spectrometer 
(ICP-MS). At each condition, four runs were made and the mean±SD was reported. 
 
5.2.9 Characterization 
Thermogravimetric (TGA) measurements were carried out on TA instruments TGA 
2090 analyzer in air in the temperature range of 50 oC to 700 oC at a heating rate of 15 





Table 5.1 Characterization of the synthesized PEA dendrimer-grafted magnetic nanoparticles. 




Fe3O4-g-NH2g 0.33:1 0.31:1 1:1:1:-:- 0.98:1:0.95:-:- -:1 -:1 
Fe3O4-g-G1h 0.067:1 0.063:1 0.14:1:0.43:0.29:0.29 0.14:1:0.48:0.3:0.23 -:1 -:1 
Fe3O4-g-G1-NH2i 0.29:1 0.27:1 0.33:1:3.67:4.67:0.67 0.3:1:3.76:4.89:0.75 0.8:1 0.82:1 
Fe3O4-g-G2j 0.16:1 0.15:1 0.07:1:1:1.2:0.4 0.1:1:1.8:1.9:0.62 0.8:1 0.76:1 
Fe3O4-g-G2-NH2k 0.29:1 0.26:1 0.14:1:4.43:6:0.86 0.11:1:29.6:40.5:5.6 0.92:1 0.83:1 
Fe3O4-g-G3l 0.18:1 0.17:1 0.03:1:1.26:1.61:0.45 -:1:1.35:1.76:0.55 0.92:1 0.89:1 
aTheoretical [N]:[C] molar ratio calculated from the chemical structure of grafted dendrimer. 
b[N]:[C] molar ratio calculated from the sensitivity factor-corrected XPS N 1s and C 1s core-level spectral area ratio. 
cTheoretical [C-Si]:[C-C]:[C-N]:[C-O]:[O-C=O] species molar ratio calculated from the chemical structure of grafted dendrimer. 
d[C-Si]:[C-C]:[C-N]:[C-O]:[O-C=O] species molar ratio calculated from peak component area ratio of XPS C 1s core-level spectra. 
eTheoretical [-N=]:[-N-] species molar ratio calculated from the chemical structure of grafted dendrimer. 
f[-N=]:[-N-] species molar ratio calculated from peak component area ratio of XPS N 1s core-level spectra. 
gThe primary amine terminated Fe3O4-SiO2 core-shell nanoparticles synthesized by sol-gel reaction. 
hThe first generation of PEA dendrimer-grafted MNPs. 
iThe primary amine terminated Fe3O4-g-G1. 
jThe second generation of PEA dendrimer-grafted MNPs. 
kThe primary amine terminated Fe3O4-g-G2. 





magnetometer (Model 1600, DMS). Transmission electron microscopy (TEM) images 
were obtained on a JEOL JEM-2100F field emission transmission electron microscope. 
The nanoparticle solution was spread onto the surface of a carbon coated copper grid 
and dried under reduced pressure. Other instruments used are the same as those in 
Chapter 4. 
 
5.3 Results and Discussion 
5.3.1 Characterization of the dendritic poly(ester amine) (PEA)-grafted Fe3O4 
nanoparticles 
The synthetic procedures for the PEA dendrimer-grafted Fe3O4 magnetic nanoparticles 
(MNPs) are shown in Scheme 5.1. The oleic acid stabilized magnetic nanoparticles, as 
shown by the transmission electron microscopy (TEM) image in Figure 5.1(a), have an 
average diameter of about 15 nm. After the sol-gel reaction, the average diameter of 
resultant spherical Fe3O4-SiO2 core-shell hybrid MNPs (Fe3O4-g-NH2 in Table 5.1) 
increases to about 30 nm, as shown by the TEM image in Figure 5.1(b). Thus, the 
thickness of the silica shell is about 7 nm. The TEM image of the third generation of 
PEA dendrimer-grafted MNPs (Fe3O4-g-G3 in Table 5.1) is shown in Figure 5.1(c). 
The hybrid core-shell Fe3O4-g-G3 MNPs disperse readily in water, mostly as 
segregated particles. 
 
The chemical structure and composition of the PEA dendrimer-grafted MNPs at each 
step of preparation were analyzed by X-ray photoelectron spectroscopy (XPS) and 
Fourier transform infrared (FT-IR) spectroscopy. The XPS characterization results are 
summarized in Table 5.1. The XPS widescan spectra of Fe3O4-g-NH2, Fe3O4-g-G1, 





Scheme 5.1 Schematic illustration of the synthesis of PEA dendrimer-grafted magnetic 
nanoparticles via sol-gel reaction (step (1)) and successive Michael addition (step (2)) 
and alkyne-azide click chemistry (step (3)). 
 
5.2(g) and 5.2(j), respectively. In comparison to the widescan spectrum of the oleic 
acid-stabilized MNPs in the inset of Figure 5.2(a) (Figure 5.2(a’)), the presence of Si 
2s and Si 2p signals in Figures 5.2(a), 5.2(d), 5.2(g) and 5.2(j) indicates that a silica 
shell which gelated from tetraethyl orthosilicate (TEOS) and 
3-aminopropyltriethoxysilane (APS) was successfully coated on the MNPs. The N 1s 
to C 1s peak component intensity ratio varies significantly in the widescan spectra of 
Figures 5.2(a) to 5.2(j), reflecting the changing [N]/[C] ratio with each step of 
dendritic PEA growth. The C 1s core-level spectrum of Fe3O4-g-NH2 (Figure 5.2(b)) 
can be curve-fitted into three peak components with binding energies (BEs) at about 
284.1, 284.6 and 285.7 eV, attributable to the C-Si, C-C (C-H) and C-N species, 





Figure 5.1 TEM images of (a) oleic acid stabilized Fe3O4 MNPs, (b) Fe3O4-g-NH2 





Figure 5.2 XPS widescan, C 1s core-level and N 1s core-level spectra of (a,b,c) 
Fe3O4-g-NH2, (d,e,f) Fe3O4-g-G1, (g,h,i) Fe3O4-g-G1-NH2 and (j,k,l) Fe3O4-g-G3 
MNPs in Table 5.1. The inset of Figure 5.2(a) (Figure 5.2(a’)) shows the widescan 





to be 0.98:1:0.95, which is close to the theoretical ratio of 1:1:1 calculated from the 
chemical structure of the grafted APS. In the N 1s core-level spectrum of Fe3O4-g-NH2 
(Figure 5.2(c)), the only peak component at 399.4 eV can be attributed to the –NH2 
group introduced by APS. The [N]/[C] ratio, as determined from the sensitivity 
factor-corrected XPS N 1s and C 1s core-level spectral area ratio, is about 0.31:1, 
which is close to the theoretical value of 0.33:1 calculated from the grafted APS. The 
primary amino groups on the surface of MNPs play an important role in the subsequent 
fabrication of dendritic PEA-grafted MNPs.  
 
Figure 5.3 FT-IR spectra of (a) oleic acid stabilized Fe3O4 MNPs, and (b) 
Fe3O4-g-NH2, (c) Fe3O4-g-G1, (d) Fe3O4-g-G1-NH2 and (e) Fe3O4-g-G3 MNPs. 
 
Figure 5.3 shows the FT-IR spectra of the oleic acid-stabilized Fe3O4, Fe3O4-g-NH2, 
Fe3O4-g-G1, Fe3O4-g-G1-NH2 and Fe3O4-g-G3 MNPs. From a comparison of the 




(Figure 5.3(b)), it is apparent that after the sol-gel reaction, the characteristic 
absorption peak of Si-O at 1110 cm-1 has appeared, and the characteristic symmetric 
(2851 cm-1) and asymmetric (2929 cm-1) stretches arising from the methylene groups 
have become weaker. At the same time, the characteristic absorption band of methyl 
groups at 2958 cm-1 and the asymmetric vibration of carboxyl groups at 1711 cm-1, 
which only exist in oleic acid and not in TEOS or APS, have disappeared almost 
completely after the sol-gel reaction. These results indicate that the oleic acid on the 
surface of the MNPs has been successfully replaced by the primary amine-terminated 
silica shell.   
 
The Fe3O4-g-G1 MNPs were synthesized via the Michael addition reaction between 
the surface primary amino groups of Fe3O4-g-NH2 and the vinyl groups of propargyl 
acrylate. In the XPS widescan spectrum of Fe3O4-g-G1 (Figure 5.2(d)), the Fe 2p and 
Fe 3p signals were much weaker in comparison to those in the widescan spectrum of 
Figure 5.2(a), indicating that the thickness of inorganic-organic hybrid grafting layer 
on MNPs has almost reached the XPS probing depth in an organic matrix (about 8 
nm).(Tan et al., 1993) The C 1s core-level spectrum of Fe3O4-g-G1 (Figure 5.2(e)) can 
be curve-fitted into five peak components with BEs at about 284.1, 284.6, 285.7, 286.2 
and 288.7 eV, attributable to the C-Si, C-C (C-H), C-N, C-O and O-C=O species, 
respectively.(Xu et al., 2004) The area ratio of the C-Si, C-C (C-H) C-N, C-O and 
O-C=O species is calculated to be 0.14:1:0.48:0.3:0.23, which is comparable to the 
theoretical ratio of 0.14:1:0.43:0.29:0.29 calculated from the chemical structure of 
grafted PEA (first generation, G1). There was only one peak component at about 399.4 
eV in the N 1s core-level spectrum of Fe3O4-g-G1 (Figure 5.2(d)), which is associated 




is close to the theoretical value of 0.067:1 calculated from the chemical composition of 
the G1 dendrimer. Furthermore, in the FT-IR spectrum of Fe3O4-g-G1 (Figure 5.3(c)), 
the appearance of characteristic absorption band of alkyne group(Ranjan and Brittain, 
2007) at 2121 cm-1 and the asymmetric vibration of ester group at 1731 cm-1 provide 
additional evidence on the grafting of the G1 dendrimer on the MNPs. 
 
For the preparation of Fe3O4-g-G1-NH2 MNPs, the alkyne-functionalized Fe3O4-g-G1 
MNPs were reacted with the active azide-containing 
11-azido-3,6,9-trioxaundecan-1-amine (ATXDA) via alkyne-azide click reaction in 
N,N-dimethylformamide (DMF) using 
CuBr/N,N,N',N'',N''-pentamethyldiethylenetriamine (PMDETA) complex as the catalyst 
system. PMDETA is a widely-used ligand to accelerate the alkyne-azide click reaction 
in the presence of copper catalyst in organic solvent. The XPS C 1s core-level 
spectrum of Fe3O4-g-G1-NH2 (Figure 5.2(h)) can be curve-fitted into five peak 
components with BEs at about 284.1, 284.6, 285.7, 286.2 and 288.7 eV, attributable to 
the C-Si, C-C (C-H), C-N, C-O and O-C=O species, respectively, with a corresponding 
area ratio of 0.3:1:3.76:4.89:0.75, which is comparable with the theoretical value of 
0.33:1:3.67:4.67:0.67 calculated from the chemical structure of NH2-terminated PEA 
(G1-NH2). The N 1s core-level spectrum of Fe3O4-g-G1-NH2 (Figure 5.2(i)) can be 
curve-fitted with two peak components. The peak component at BE of 398.2 eV was 
attributed to the imine groups in the 1,4-triazole rings resulted from the click reaction. 
The peak component at 399.4 eV was assigned to the tertiary amino group and the 
primary amino group. The peak component area ratio of =N- to -N- (-NH2) is 0.82:1, 
which is close to the theoretical value of 0.80:1 calculated from the chemical 




Fe3O4-g-G1-NH2 (Figure 5.3(d)), the characteristic absorption band of alkyne group at 
2121 cm-1 was no longer present after the alkyne-azide click reaction.  
 
Finally, the Fe 2p and Fe 3p photoelectron lines in the widescan spectrum of 
Fe3O4-g-G3 (Figure 5.2(j)) have disappeared completely, indicating that the thickness 
of inorganic-organic hybrid graft layer on the MNPs has exceeded the XPS probing 
depth of about 8 nm. The C 1s core-level spectrum of Fe3O4-g-G3 (Figure 5.2(k)) can 
be curve-fitted into four peak components with BEs at about 284.6, 285.7, 286.2 and 
288.7 eV, attributable to the C-C (C-H), C-N, C-O and O-C=O species, respectively, 
and with a corresponding area ratio of 1:1.35:1.76:0.55. This ratio is comparable to the 
theoretical value of 1:1.26:1.61:0.45 calculated from the chemical structure of PEA 
dendrimer (third generation, G3). In the N 1s core-level spectrum of Fe3O4-g-G3 
(Figure 5.2(l)), two peak components were discernible: the imine peak component at 
398.2 eV and the peak component for tertiary and primary amino group at 399.4 eV. 
The imine to amine peak component area ratio is about 0.89:1, which is close to the 
theoretical ratio of 0.92:1 calculated from the composition of grafted PEA G3 on the 
surface of MNPs. Furthermore, in the FT-IR spectrum of Fe3O4-g-G3 (Figure 5.3(e)), 
the presence of characteristic absorption peak of alkyne group at 2121 cm-1 suggests 
that the Fe3O4-g-G3 MNPs have the active alkyne-terminated groups, which can serve 
as coupling sites for the subsequent alkyne-azide click reaction to prepare further 
generations of the dendrimers or to introduce other functionalities. It has been reported 
that comparing to lower generations (0, 1, and 2), higher generation dendrimers offer 
higher coupling efficiency due to their enhanced flexibility and higher number of 
coupling sites (Luo et al., 2002). In addition, even higher generations (more than 




because they extend out to the periphery (Klajnert and Bryszewska, 2001). Thus, in 
this work, the third generation of PEA dendrimer grafted MNPs (Fe3O4-g-G3) were 
used for subsequent study. 
 
5.3.2 TGA measurements of the dendritic PEA-grafted MNPs 
The thermogravimetric analysis (TGA) curves of Fe3O4-g-NH2, Fe3O4-g-G1, 
Fe3O4-g-G1-NH2 and Fe3O4-g-G3 MNPs are shown in Figure 5.4. The weight loss 
curves of MNPs after each step of modification indicate the amount of organic 
compound on the MNPs. In Figure 5.4(a), a 9% weight loss is observed for the 
Fe3O4-g-NH2 MNPs after heating to 700 oC in air. The weight loss can be attributed to 
the evaporation of adsorbed water, the decomposition of organic fraction and the 
oxidation of Fe3O4 to Fe2O3 (Wang et al., 2009). The TGA curve of Fe3O4-g-G1 MNPs 
 
Figure 5.4 TGA curves of (a) Fe3O4-g-NH2, (b) Fe3O4-g-G1, (c) Fe3O4-g-G1-NH2 





in Figure 5.4(b) shows a higher weight loss of about 21% in comparison to that of the 
Fe3O4-g-NH2 MNPs in Figure 5.4(a). For the TGA curves of Fe3O4-g-G1-NH2 (Figure 
5.4(c)) and (Figure 5.4(d)) MNPs, the grafted dendritic PEA degraded to low 
molecular weight units and then decomposed with increasing temperature, as indicated 
by the two major weight loss stages at about 275 and 430 oC. The two major weight 
loss stages can be attributed to the decomposition of C-N bond and the thermal 
cleavage of ester groups, respectively (Ozturk et al., 2005, Zheng et al., 2005). The 
weight losses for the two types of MNPs are about 30% and 48%, respectively. The 
TGA results are thus in agreement with the increase in organic content for the 
increasing generation of grafted PEA dendrimers. The grafting density of the 
poly(ester amine) dendrimer on Fe3O4-g-G3 MNPs is calculated to be about 2.6 
chain/nm2 with the method proposed by Ohno et al (Ohno et al., 2002). 
 
5.3.3 Analysis of magnetic properties 
The magnetic properties of Fe3O4-g-NH2, Fe3O4-g-G1 and Fe3O4-g-G3 MNPs, 
determined by vibrating sample magnetometry (VSM) at room temperature, are shown 
in Figure 5.5. The saturation magnetization (Ms) of Fe3O4-g-NH2 MNPs was about 
17.7 emu/g. After grafting of the PEA dendrimer, the Ms values of Fe3O4-g-G1 and 
Fe3O4-g-G3 MNPs decreased to 15.8 and 8.1 emu/g, respectively. The decrease in Ms 
of the PEA dendrimer-grafted MNPs can be attributed to the substantial decrease in the 
relative Fe3O4 magnetic core content in the MNPs, which is consistent with the TGA 
analysis. The Ms of PEA dendrimer-grafted MNPs is acceptable for bioapplications, 
such as magnetic resonance imaging (MRI) agents, where Ms of 7–22 emu/g is usually 




their magnetic profile suggest that these MNPs are superparamagnetic. 
 
Figure 5.5 Field dependent magnetization at 25 oC of (a, a’) Fe3O4-g-NH2, (b, b’) 
Fe3O4-g-G1, and (c, c’) Fe3O4-g-G3 MNPs. The inset shows the enlarged area near 
origin. 
 
5.3.4 pH-Sensitivity of the PEA dendrimer-grafted MNPs 
In an aqueous dispersion, the average size of PEA dendrimer-grafted MNPs is sensitive 
to the pH of the environment. The pH-dependent MNP size was evaluated by dynamic 
light scattering (DLS) studies. Figure 5.6 shows the pH dependence of hydrodynamic 
diameter (Dh) of Fe3O4-g-G3. At pH 9, the Fe3O4-g-G3 MNPs have a smaller Dh of 
about 55 nm. The Dh of the MNPs increases to about 77 nm at pH 3. The diameter of 
the hydrophilic dendrimer-grafted MNPs observed by TEM (about 30 nm) in the dry 
state was about 2-3 times smaller than that measured by DLS for the swollen 
nanoparticles in aqueous media. The results are in agreement with earlier studies on 




2008). These results also indicate the large water absorption ability of the hydrophilic 
dendritic PEA-grafted MNPs. The pH dependence of Dh can be attributed to the 
 
Figure 5.6 Hydrodynamic diameter (Dh) distribution of Fe3O4-g-G3 MNPs in aqueous 





presence of tertiary amino groups and the triazole rings in the grafted PEA dendrimer 
on the MNPs. Tertiary amine and triazole groups are both weak bases and are 
well-known pH-sensitive groups commonly found in stimuli-responsive materials 
(Bertrand and Gesson, 2007, Diaz-Fernandez et al., 2006). At low pH (c.a. pH=3), the 
tertiary amino groups and triazole rings of grafted PEA dendrimer are protonated, 
giving rise to the fully extended PEA chains. As the solution pH is increased to basic 
pH, the amino groups and triazole rings become deprotonated, leading to the 
association of PEA chains and a smaller diameter of the MNPs (Li et al., 2008).  
 
Figure 5.7 Effect of pH on zeta potential of Fe3O4-g-G3 MNPs in aqueous media. 
 
Zeta potential measurements were further employed to investigate the effect of pH on 




the zeta potential decreases with the increase in pH of the medium, from 25.7 mV at 
pH 3 to 3.1 mV at pH 9, consistent with the pH-responsive properties of the tertiary 
amino groups and triazole rings. The pH-dependent surface potential further confirms 
the pH-sensitivity of the PEA dendrimer-grafted MNPs. 
 
5.3.5 Cytotoxicity and cell uptake of the PEA dendrimer-grafted MNPs 
Cytotoxicity of the PEA dendrimer-grafted MNPs was evaluated by incubation with 
mouse macrophage (RAW 264.7, RAW macrophage) cells and 3T3 fibroblasts. The 
 
Figure 5.8 Effect of Fe3O4-g-G3 MNPs on the viability of 3T3 fibroblasts and RAW 
macrophage cells. 
 
3T3 fibroblasts cell line is an important fibroblast culture and widely used in 
biomedical and biochemical applications, such as in vitro carcinogenic analysis 
(Glunde and Serkova, 2006, Martin et al., 2006). Figure 5.8 shows the dose-dependent 




Fe3O4-g-G3 MNPs of 0.1, 0.2, 0.5 and 1.0 mg/mL in the culture medium. For both cell 
lines, the viabilities were above 90% for the MNP concentration tested and were not 
significantly different from those in the control experiment (P >0.05). These results 
show that the PEA dendrimer-grafted MNPs have very low toxicity towards both the 
RAW macrophages and the 3T3 fibroblasts, and thus can be potentially suitable for 
biomedical applications. 
 
Figure 5.9 Uptake of Fe3O4-g-G3 MNPs by RAW macrophage cells. 
 
Figure 5.9 shows the uptake of Fe3O4-g-G3 MNPs by RAW macrophage cells after 24 
h of incubation in medium containing 0.1, 0.2, 0.5 and 1.0 mg/mL of the nanoparticles. 
The iron uptake increases with the concentration of Fe3O4-g-G3 MNPs, reaching about 
1.1, 2.1, 2.7 and 3.3 pg Fe/cell at the Fe3O4-g-G3 MNPs concentrations of 0.1, 0.2, 0.5, 
and 1.0 mg/mL, respectively. For the incubation conditions and doses, the uptake of 




biocompatibility of the Fe3O4-g-G3 MNPs.  
 
5.3.6 Grafting of azide-terminated fluorescein onto the Fe3O4-g-G3 MNPs 
 
Figure 5.10 Emission spectra of (excitation wavelength at 490 nm) of (a) 
fluorescein-functionalized Fe3O4-g-G3 (Fe3O4-g-G3-fluorescein) MNPs and (b) 
Fe3O4-g-G3 MNPs. 
 
Another important issue for the as-synthesized PEA dendrimer-grafted MNPs is that 
the nanoparticles can be further functionalized for multipurpose applications (Zhang et 
al., 2010). For each generation of the PEA dendrimer-grafted MNPs (Fe3O4-g-G1, 
Fe3O4-g-G2 and Fe3O4-g-G3), the PEA chains still retain the terminal alkyne groups, 
which can be readily utilized for the subsequent alkyne-azide click reaction to further 
enhance the functionality of the MNPs. In the present work, an azide 
end-functionalized fluorescein, was “clicked” onto the Fe3O4-g-G3 to further modify 
the surface properties of MNPs. Fluorescein is currently the most commonly-used 




activated cell sorter (FACS) analysis and flow cytometry (Cavalli et al., 2010, 
Vermonden et al., 2010). Figure 5.10 shows the emission spectra of Fe3O4-g-G3 and 
fluorescein-functionalized Fe3O4-g-G3 (Fe3O4-g-G3-fluorescein) MNPs in the 
aqueous medium excited at a wavelength of 490 nm. The Fe3O4-g-G3-fluorescein 
MNPs exhibit a characteristic emission at the wavelength of about 527 nm, which can 
be attributed to the clicked fluorescein species. On the other hand, the Fe3O4-g-G3 
shows negligible emission in the wavelength range of 500 to 650 nm. These results 
suggest that the alkyne-terminated groups of the PEA dendrimer-grafted MNPs are 
preserved, and further tailoring of the MNP surface functionalities via alkyne-azide 
click chemistry is feasible. 
 
5.4 Conclusions 
Inorganic-organic hybrid magnetic nanoparticles (MNPs), comprising a Fe3O4 core, a 
silica inner shell and dendritic poly(ester amine) (PEA) outer shell, have been 
synthesized via the inorganic sol-gel reaction, and successive Michael addition 
reaction and alkyne-azide click chemistry. After surface grafting of the 
inorganic-organic hybrid shell, the so-obtained PEA dendrimer-functionalized MNPs 
exhibit good solubility in an aqueous medium and are superparamagnetic with a 
saturation magnetization (Ms) of 8.1 emu g-1. The PEA dendrimer-grafted MNPs are 
pH-sensitive, resulting in a pH-dependent hydrodynamic size in an aqueous medium. 
The PEA dendrimer-functionalized MNPs do not exhibit significant cytotoxicity 
towards 3T3 fibroblasts and RAW macrophage cells after 24 h of incubation. The 
uptake of PEA dedrimer-functionalized MNPs by macrophage cells is low, even in the 
presence of a relatively high concentration of the MNPs (e.g. 1.0 mg mL-1) in the 




biomaterial applications. In addition, the preservation of alkyne-terminated groups in 
the grafted PEA dendrimers allows further functionalization of the MNPs via 
alkyne-azide click reaction for multipurpose applications. This synthesis method of 
successive Michael addition reaction and alkyne–azide click chemistry proceeds with 
quantitative yields and without the need for protection and/or deprotection of 
functional groups. It can be readily extended to the functionalization of other 
substrates with PEA dendrimers and will in turn provide an insight into the preparation 






Chapter 6  
 
 
Mannose-Encapsulated and Poly(Thiolester Amine) 
Dendrimer-Grafted Fe3O4 Magnetic Nanoparticles Prepared 







Click chemistry, with the concept first introduced by Sharpless et al. in 2001 (Kolb et 
al., 2001), is a versatile tool for the synthesis of functional polymers. It is of great 
importance in material science because it allows a better control over the increasing 
complexity of polymer structure and functionality (Dai et al., 2010, Inglis and 
Barner-Kowollik, 2010, Sahoo et al., 2010). In 2009, Bowman et al. introduced the 
radical-mediated thiol-yne coupling reaction through development of highly 
cross-linked polymer networks (Fairbanks et al., 2009). In the thiol-yne click reaction, 
two thiols are coupled to one alkyne in the presence of UV irradiation, a chemical 
radical source, or even sunlight at ambient temperature. The radical mechanism of the 
thiol-yne click reaction makes it a robust and versatile method for preparing 
multifunctional materials under mild and “metal-free” conditions. 
 
In last chapter, alkyne-azide click reaction was utilized to synthesize PEA 
dendrimer-grafted MNPs in the presence of copper (I) catalyst. In this chapter, a 
combined approach of inorganic sol-gel reaction, and alternating Michael addition and 
“metal-free” thiol-yne click chemistry, was developed to synthesize poly(thiolester 
amine) (PTEA) dendrimer-grafted Fe3O4 MNPs. Mannose was subsequently tethered 
via thiol-yne click chemistry on the PTEA dendrimer-grafted Fe3O4 MNPs to further 
functionalize the surface of MNPs. The surface properties, pH-sensitivity, cytotoxicity 
and lectin affinity of the resultant Fe3O4-g-PTEA-mannose MNPs were investigated. 
 
6.2 Experimental Section 
6.2.1 Materials 




from Sigma-Aldrich Chem. Co. and were used as received. All solvents (analytical 
grade) were also obtained from Sigma-Aldrich Chem. Co. and were used as received. 
Purified nitrogen was used in all reactions. The thiolated mannose (2-mercaptoethyl 
α-D-mannopyranoside) was synthesized according to the method reported in the 
literature (Schofield et al., 2006). Other chemicals and cells used are the same as those 
in Chapter 5. 
 
6.2.2 Synthesis of the amine-functionalized Fe3O4 magnetic nanoparticles 
(Fe3O4-g-NH2 MNPs, Step 1) 
The magnetic nanoparticles (MNPs) were prepared according to the method described 
in the literature (Park et al., 2004). Initially, 10.8 g of iron chloride (40 mmol) and 36.5 
g of sodium oleate (120 mmol) was dissolved in a solvent mixture composed of 80 mL 
of ethanol, 60 mL of distilled water and 140 mL of hexane. The resulting mixture was 
heated to 70 °C and kept at that temperature for 6 h. After the reaction had completed, 
the upper organic layer containing the iron–oleate complex was washed three times 
with 30 ml of doubly distilled water in a separatory funnel. The iron–oleate complex in 
the form of a waxy solid was obtained after evaporation of hexane. Then, 36 g (40 
mmol) of the as-synthesized iron-oleate complex and 5.7 g (20 mmol) of oleic acid 
were dispersed in 200 g of 1-octadecene at room temperature. The reaction mixture 
was heated to 320 °C at a constant heating rate of 3.3 °C min–1, and then kept at that 
temperature for 40 min. The resulting solution containing the MNPs was then cooled 
to room temperature, and 500 ml of ethanol was added to the solution. The product, 
oleic acid-stabilized Fe3O4 nanoparticles of about 15 nm in size, was precipitated with 
ethanol and collected by centrifugation. The nanoparticles were then dried under 





The amine-terminated magnetic (Fe3O4) core, Fe3O4-g-NH2, was prepared via 
inorganic sol-gel reaction. About 30 mg of the oleic acid-stabilized Fe3O4 
nanoparticles, 160 mL of hexane, 8 mL of Igepal® CO-520 and 100 µL of 
3-aminopropyltriethoxysilane (APS) were introduced into a 250 mL flask equipped 
with a magnetic stirrer. After stirring at 1000 rpm for 30 min, 140 µL of ammonia 
solution (25%) was added dropwise into the flask. The flask was sealed and the 
reaction was allowed to proceed under continuous stirring at room temperature for 24 
h. After the reaction, the Fe3O4-g-NH2 nanoparticles were purified by washing 
thoroughly with methanol. 
 
6.2.3 Synthesis of the alkyne-functionalized Fe3O4 nanoparticles (1st generation, 
Fe3O4-g-G1 MNPs, Step 2) 
For the synthesis of Fe3O4-g-G1 MNPs, 30 mg of the Fe3O4-g-NH2 nanoparticles was 
first dispersed in 60 mL of anhydrous methanol in a 150 mL flask. After purging with 
argon for 30 min, about 0.1 mL (0.9 mmol) of propargyl acrylate was added drop wise 
into the reaction mixture. The flask was sealed under an argon atmosphere and the 
reaction was allowed to proceed under continuous stirring at room temperature for 48 
h. The resulting Fe3O4-g-G1 MNPs were centrifuged and purified by redispersing in 
methanol. The purification process was repeated thrice to ensure the complete removal 
of residual propargyl acrylate. 
 
6.2.4 Synthesis of the amine-terminated Fe3O4-g-G1 nanoparticles 
(Fe3O4-g-G1-NH2 MNPs, Step 3) 




30 mg of the Fe3O4-g-G1 was first dispersed in 20 mL of anhydrous methanol in a 
Pyrex tube. After ultrasonication for 10 min, about 9.2 µL (0.06 mmol) of cysteamine 
and 2.6 mg (0.01 mmol) of 2,2-dimethoxy-2-phenylacetophenone was added into the 
solution. The reaction mixture was degassed by bubbling nitrogen through the solution 
for 30 min and the Pyrex tube was sealed with a rubber stopper under a nitrogen 
atmosphere. The reaction mixture was then subjected to UV irradiation for 60 min in a 
Riko RH400-10W rotary photochemical reactor (manufactured by Riko Denki Kogyo 
of Chiba, Japan). The reactor was equipped with a 1000 W high-pressure Hg lamp and 
a constant-temperature bath. The UV-induced reaction was carried out at a constant 
temperature of 28 °C. After UV irradiation, the resultant Fe3O4-g-G1-NH2 
nanoparticles were purified by washing thoroughly with methanol.  
 
6.2.5 Synthesis of more generations of dendritic poly(thiolester amine) 
(PTEA)-grafted Fe3O4 nanoparticles 
As illustrated in Figure 6.1, Fe3O4 nanoparticles grafted with increasing generations of 
PTEA dendrimers (Fe3O4-g-G2, Fe3O4-g-G2-NH2, Fe3O4-g-G3, Fe3O4-g-G3-NH2, 
and Fe3O4-g-G4 in Table 1) can be obtained simply by repeating Michael addition 
(Step 2) and thiol-yne click reaction (Step 3) in that sequence. 
 
6.2.6 Grafting of thiolated mannose onto the Fe3O4-g-G4 MNPs 
One of the promising characteristics of resulting dendritic PTEA-grafted MNPs is the 
preservation of active alkyne end groups of grafted PTEA dendrimers (G1, G2, G3 and 
G4). The active chain ends of the grafted dendrimers can react readily with 
thiol-terminated molecules for further functionalization via thiol-yne click chemistry. 




Fe3O4-g-G4 was first dispersed in 30 mL of anhydrous methanol in a Pyrex tube, 
followed by ultrasonication for 10 min. About 50 mg of thiolated mannose and 2.6 mg 
of 2,2-dimethoxy-2-phenylacetophenone was introduced into the solution. The reaction 
mixture was degassed by bubbling nitrogen through the solution for 30 min. The 
reaction mixture was then subjected to UV irradiation for 60 min in the rotary 
photochemical reactor. After the reaction, the resultant mannose-encapsulated 
Fe3O4-g-G4 MNPs (Fe3O4-g-G4-mannose MNPs) were centrifuged and redispersed 
in water. The dispersion solution was subjected to dialysis in doubly distilled water for 
72 h. The Fe3O4-g-G4-mannose dispersion was freeze-dried after dialysis. 
 
6.2.7 Cytotoxicity of the MNPs 
The cytotoxicity of Fe3O4-g-G4 and Fe3O4-g-G4-mannose MNPs was evaluated by 
determining the viability of mouse macrophages and 3T3 fibroblasts after incubation 
in media containing Fe3O4-g-G4 or Fe3O4-g-G4-mannose MNPs at concentrations of 
0.1, 0.2, 0.5 and 1.0 mg/mL. The method is similar to that described in Chapter 5. 
 
6.2.8 Characterization 
UV-visible absorption spectra were recorded on a Shimadzu UV-1601 
spectrophotometer. X-ray photoelectron spectroscopy (XPS) measurements were 
carried out on a Kratos AXIS Ultra HSA spectrometer equipped with a 
monochromatized Al Kα X-ray source (1468.6 eV photons). Other instruments used 
are the same as those in Chapter 5. 
 
6.3 Results and Discussion 




poly(thiolester amine) (PTEA)-grafted Fe3O4 nanoparticles 
The procedures for the preparation of mannose-encapsulated and PTEA 
dendrimer-grafted Fe3O4 magnetic nanoparticles (MNPs) are shown schematically in 
Figure 6.1. The chemical composition and structure of the PTEA dendrimer-grafted 
MNPs were analyzed by X-ray photoelectron spectroscopy (XPS) and Fourier 
transform infrared (FT-IR) spectroscopy. The XPS characterization results are 
summarized in Table 1. The XPS widescan spectra of various generation of PTEA 
dendrimer-grafted MNPs, viz., Fe3O4-g-NH2, Fe3O4-g-G1, Fe3O4-g-G4 MNPs in 
Table 1 and mannose-coupled Fe3O4-g-G4 (Fe3O4-g-G4-mannose) MNPs, are shown 
in Figures 6.2(a), 6.2(c), 6.2(e) and 6.2(g), respectively. In comparison to the widescan 
spectrum of the oleic acid-stabilized MNPs in the inset of Figure 6.2(a) (Figure 
6.2(a’)), the presence of Si 2s, Si 2p and N 1s signals in Figure 6.2(a) indicates that 
3-aminopropyltriethoxysilane (APS) has been successfully coupled to the MNPs via 
the sol-gel reaction. The C 1s core-level spectrum of Fe3O4-g-NH2 MNPs (Figure 
6.2(b)) can be curve-fitted into three peak components with binding energies (BEs) at 
about 284.1, 284.6 and 285.7 eV, attributable to the C-Si, C-C/C-H and C-N species, 
respectively (Xu et al., 2005). The spectral area ratio of C-Si, C-C/C-H and C-N 
species is calculated to be 0.95:1:0.97, which is close to the theoretical ratio of 1:1:1 
for the chemical structure of grafted APS. In the N 1s core-level spectrum of 
Fe3O4-g-NH2 MNPs (Figure 6.2(b’)), the only peak component at the BE of 399.4 eV 
can be attributed to the –NH2 group introduced by APS. The primary amine groups on 
the surface of MNPs allow the subsequent fabrication of dendritic PTEA-grafted 
MNPs. The [C]:[N] ratio for the Fe3O4-g-NH2 MNPs, as determined from the 
sensitivity factor-corrected XPS C 1s and N 1s core-level spectral area ratio, is about 





Figure 6.1 Schematic illustration of the synthesis of mannose-coupled and PTEA 
dendrimer-grafted magnetic nanoparticles via sol-gel reaction (Step (1)), and 
successive Michael addition (Step (2)) and thiol-yne click chemistry (Step (3)). 
 
Figure 6.3 shows the FT-IR spectra of oleic acid-stabilized Fe3O4 MNPs, and 
Fe3O4-g-NH2, Fe3O4-g-G1, Fe3O4-g-G4 and Fe3O4-g-G4-mannose MNPs. 
Comparison of the FT-IR spectra of oleic acid-stabilized MNPs (Figure 6.3(a)) and 
Fe3O4-g-NH2 MNPs (Figure 6.3(b)) suggests that the double peaks at 1123 cm-1 and 
1032 cm-1, characteristic of stretching vibration of Si-O, have appeared after the 






Figure 6.2 XPS widescan and C 1s core-level spectra of the (a, b) Fe3O4-g-NH2, (c, d) 
Fe3O4-g-G1, (e, f) Fe3O4-g-G4 and (g, h) Fe3O4-g-G4-mannose MNPs. Figure 6.2(a’) 
shows the widescan spectrum of oleic acid-stabilized Fe3O4 MNPs. Figure 6.2(b’) 







Figure 6.3 FT-IR spectra of the (a) oleic acid-stabilized Fe3O4 MNPs, and the (b) 
Fe3O4-g-NH2, (c) Fe3O4-g-G1, (d) Fe3O4-g-G4 and (e) Fe3O4-g-G4-mannose MNPs. 
 
at 2958 cm-1 and the asymmetric vibration of carboxyl groups at 1711 cm-1, which are 
associated only with oleic acid and not APS, have disappeared almost completely after 
the sol-gel reaction. These results indicate that the oleic acid on the surface of MNPs 
has been successfully replaced by APS.   
 
The Fe3O4-g-G1 MNPs were synthesized via the Michael addition reaction between 
the primary amino groups on the surface of Fe3O4-g-NH2 MNPs and the vinyl groups 
of propargyl acrylate. The C 1s core-level spectrum of Fe3O4-g-G1 MNPs (Figure 
6.2(d)) can be curve-fitted into five peak components having BEs at about 284.1, 284.6, 




species, respectively (Ling et al., 2002). The [C]:[N] ratio of about 1:0.06 is also close 
to the theoretical value of 1:0.067 based on the chemical composition of grafted G1 
dendrimer. Furthermore, in the FT-IR spectrum of Fe3O4-g-G1 MNPs (Figure 6.3(c)), 
the appearances of characteristic absorption band at 2121 cm-1 for the alkyne group 
and the asymmetric vibration of ester group at 1729 cm-1 are consistent with the 
grafting of G1 dendrimer on the MNPs. 
 
For the C 1s core-level spectrum of Fe3O4-g-G4 MNPs (Figure 6.2(f)), the peak 
components at 284.6, 285.7, 286.2 and 288.7 eV can be attributed to the C-C/C-H, 
C-N/C-S, C-O and O-C=O species, respectively. The [C 1s]:[N 1s]:[S 2p] peak 
component intensity ratios in the widescan spectra of Figures 6.2(a) to 6.2(e) vary 
considerably, reflecting the changes in [C]:[N]:[S] ratios at various stages of dendritic 
PTEA growth. Furthermore, the presence of characteristic absorption peak of alkyne 
group at 2121 cm-1 in the FT-IR spectrum of Fe3O4-g-G4 MNPs (Figure 6.3(d)) 
suggests that the Fe3O4-g-G4 MNPs contain the active alkyne-terminal groups, which 
can serve as coupling sites for the subsequent thiol-yne click reaction to introduce 
future generations of the PTEA dendrimers or other functional moieties.   
 
Finally, the intensity of O 1s signal in the widescan spectrum of Fe3O4-g-G4-mannose 
MNPs (Figure 6.2(g)) has increased substantially, consistent with the coupling of 
mannose on the MNPs. In the C 1s core-level spectrum of Fe3O4-g-G4-mannose 
MNPs (Figure 6.2(h)), the appearance of peak component at BE of about 287.5 eV, 
which is assigned to the O-C-O species, is also consistent with the presence of grafted 
mannose groups. In the FT-IR spectrum of Fe3O4-g-G4-mannose MNPs 




Table 1 Characterization of the mannose-encapsulated and PTEA dendrimer-grafted magnetic nanoparticles. 
MNP [C]:[N]:[S]a [C]:[N]:[S]b [C-Si]:[C-C]:[C-N](C-S) :[C-O]:[O-C=O]c 
[C-Si]:[C-C]:[C-N](C-S) 
:[C-O]:[O-C=O]d 
Fe3O4-g-NH2e 1:0.33:0.0 1:0.3:0.0 1:1:1:0.0:0.0 0.95:1:0.97:0.0:0.0 
Fe3O4-g-G1f 1:0.07:0.0 1:0.06:0.0 0.14:1:0.43:0.29:0.29 0.17:1:0.4:0.33:0.32 
Fe3O4-g-G1-NH2g 1:0.22:0.17 1:0.18:0.14 0.33:1:5:0.66:0.66 0.3:1:4.4:0.7:0.71 
Fe3O4-g-G2h 1:0.07:0.06 1:0.05:0.05 0.04:1:0.85:0.37:0.37 0.0:1:0.81:0.39:0.35 
Fe3O4-g-G2-NH2i 1:0.2:0.19 1:0.16:0.17 0.09:1:6.45:0.91:0.91 0.0:1:6.1:0.85:0.89 
Fe3O4-g-G3j 1:0.07:0.07 1:0.05:0.05 0.01:1:0.96:0.39:0.39 0.0:1:0.87:0.32:0.35 
Fe3O4-g-G3-NH2k 1:0.2:0.2 1:0.16:0.18 0.02:1:6.86:0.98:0.98 0.0:1:6.6:0.89:0.86 
Fe3O4-g-G4l 1:0.07:0.07 1:0.06:0.05 0.002:1:0.99:0.4:0.4 0.0:1:0.95:0.4:0.42 
aTheoretical [C]:[N]:[S] molar ratio calculated from the chemical structure of grafted PTEA dendrimer. 
b[C]:[N]:[S] molar ratio calculated from the sensitivity factor-corrected XPS N 1s and C 1s core-level spectral area ratio. 
cTheoretical [C-Si]:[C-C]:[C-N]([C-S]):[C-O]:[O-C=O] species molar ratio calculated from the chemical structure of grafted dendrimer. 
d[C-Si]:[C-C]: [C-N]([C-S]):[C-O]:[O-C=O] species molar ratio calculated from the XPS C 1s peak component area ratios. 
eThe primary amine terminated Fe3O4-SiO2 core-shell nanoparticles synthesized by sol-gel reaction. 
fThe first generation of PTEA dendrimer-grafted MNPs. 
gThe primary amine terminated Fe3O4-g-G1 MNPs. 
hThe second generation of PTEA dendrimer-grafted MNPs. 
iThe primary amine terminated Fe3O4-g-G2 MNPs. 
jThe third generation of PTEA dendrimer-grafted MNPs. 
kThe primary amine terminated Fe3O4-g-G3 MNPs. 




2121 cm-1 and the increase in intensity of the broad absorption band of hydroxyl 
moiety at 3200-3600 cm-1 indicate successful thiol-yne click reaction between the 
thiolated mannose and Fe3O4-g-G4 MNPs. 
 
6.3.2 Thermogravimetric analysis (TGA) of the MNPs 
The TGA results of the Fe3O4-g-NH2, Fe3O4-g-G1, Fe3O4-g-G4 and 
Fe3O4-g-G4-mannose MNPs are shown in Figure 6.4. The weight loss curves of 
MNPs after each step of modification provide information on the amount of organic 
layer on the MNPs. About 8% weight loss is observed for the Fe3O4-g-NH2 MNPs 
after heating to 700 oC in air (Curve (a)). This weight loss can be attributed to the 
evaporation of adsorbed water, the decomposition of organic coating and the oxidation 
of Fe3O4 to Fe2O3 (Wang et al., 2010). The Fe3O4-g-G1 MNPs (Curve (b)) exhibit a 
higher weight loss of about 15% in comparison to that of the Fe3O4-g-NH2 MNPs. 
From the TGA curves of Fe3O4-g-G4 MNPs (Curve (c)) and Fe3O4-g-G4-mannose 
MNPs (Curve (d)), the weight loss is about 43% and 50%, respectively. The TGA 
results are thus consistent with the increase in organic content upon increasing the 
generations of grafted PTEA dendrimer and the mannose species.  
 
6.3.3 Physical Properties of the Fe3O4-g-G4-mannose MNPs 
The oleic acid-stabilized MNPs, as shown by the transmission electron microscopy 
(TEM) image in Figure 6.5(a), have an average diameter of about 15 nm. These oleic 
acid-stabilized MNPs are dispersible in hexane. After grafting of the PTEA dendrimer 
(G4), the Fe3O4-g-G4 MNPs are no longer dispersible in hexane. They can be 
dispersed in an aqueous medium or in polar organic solvents, such as 





Figure 6.4 TGA curves of the (a) Fe3O4-g-NH2, (b) Fe3O4-g-G1, (c) Fe3O4-g-G4 and 
(d) Fe3O4-g-G4-mannose MNPs. 
 
thiol-yne click reaction, the Fe3O4-g-G4-mannose MNPs dispersed even more readily 
in an aqueous medium. As suggested by the TEM image in Figure 6.5(b), the 
Fe3O4-g-G4-mannose MNPs exist mostly as segregated particles. In the TEM image 
of Fe3O4-g-G4-mannose MNPs (Figure 6.5(b)), only the magnetic cores are 
discernible. The grafted PTEA dendrimer shell and mannose are not imaged because of 
the lack of contrast with the background.  
 
To complement the TEM images which only revealed the size of the Fe3O4 nanocore, 
dynamic light scattering (DLS) technique was employed to provide information on the 
change in size of the MNPs before and after grafting of the organic shell. The 
hydrodynamic diameters (Dh) and size distribution of the various MNPs are shown in 





Figure 6.5 TEM images of the (a) oleic acid-stabilized Fe3O4 MNPs and (b) 
Fe3O4-g-G4-mannose MNPs. 
 
nanoparticles in hexane is about 20 nm (part (a)), which is close to the diameter of 15 
nm observed in the TEM image. After surface grafting of the PTEA dendrimer (G4), 
the average Dh of Fe3O4-g-G4 MNPs increases to 31 nm in doubly distilled water (part 




Fe3O4-g-G4-mannose MNPs is further increased to 68 nm (part (c)).  
 
Figure 6.6 Hydrodynamic size distributions of the (a) oleic acid-stabilized Fe3O4 
MNPs, (b) Fe3O4-g-G4 and (c) Fe3O4-g-G4-mannose MNPs. 
 
The Dh of the Fe3O4-g-G4-mannose MNPs measured by DLS in doubly distilled 
water is about two times larger than that of the Fe3O4-g-G4 MNPs, indicating the large 
water absorption ability of the grafted hydrophilic mannose species on the MNPs. 
Previous studies have also shown that surface modification of nanoparticles with 
hydrophilic polymers can cause significant increase in their Dh (Babiuch et al., 2011, 
Chakraborty et al., 2010). 
 
6.3.4 Analysis of magnetic properties 
Superparamagnetism is an important property needed for many bioapplications, such 
as magnetic resonance imaging (MRI), cell and DNA separation, drug delivery and 




magnetic properties of Fe3O4-g-NH2, Fe3O4-g-G4 and Fe3O4-g-G4-mannose MNPs, 
measured by vibrating sample magnetometry (VSM) at 25 oC, are shown in Figure 6.7. 
The saturation magnetization (Ms) of Fe3O4-g-NH2 MNPs was found to be 50.7 emu/g. 
After grafting of the PTEA dendrimer (G4), there was a significant decrease in the Ms 
value (35.8 emu/g) of Fe3O4-g-G4 MNPs. After coupling of mannose, the Ms value of 
Fe3O4-g-G4-mannose MNPs was decreased further to 30.9 emu/g. The decrease in Ms 
of the Fe3O4-g-G4-mannose MNPs is consistent with the decrease in Fe3O4 magnetic 
core content in the MNPs. Ms of 7–22 emu/g is acceptable for bioapplications, such as 
in MRI (Tartaj and Serna, 2003). In all cases, neither remanence nor coercivity is 
observed in the magnetization curves of the nano-sized MNPs, suggesting that these 
MNPs are superparamagnetic.  
 
Figure 6.7 Field dependent magnetization at 25 oC for the (a, a’) Fe3O4-g-NH2, (b, b’) 
Fe3O4-g-G4, and (c, c’) Fe3O4-g-G4-mannose MNPs. The inset shows the enlarged 





6.3.5 pH-Sensitivity of the Fe3O4-g-G4-mannose MNPs 
pH-Responsive materials have received considerable attention in recent years due to 
their potential applications in drug delivery, biosensing, biodetection and gene delivery 
(Fattal et al., 2004, Khoder et al., 2010, Sanson and Rieger, 2010, Wandera et al., 
2010). In an aqueous dispersion, the average size of as-synthesized 
Fe3O4-g-G4-mannose MNPs is sensitive to changes in pH. The pH-responsive MNP 
size was evaluated by DLS studies. Figure 6.8(a) shows the pH dependence of Dh of 
Fe3O4-g-G4-mannose MNPs in aqueous media. The Fe3O4-g-G4-mannose MNPs 
have an average Dh of 45 nm at pH 9. The average Dh of the Fe3O4-g-G4-mannose 
MNPs increases to 146 nm when the solution pH is decreased to 3. The pH-responsive 
Dh can be attributed to the presence of tertiary amino moieties in the grafted PTEA 
dendrimer on the MNPs. At high pH (pH~ 9), the tertiary amino groups are not 
protonated and hydrophobic. The association of PTEA dendrimer chains results in a 
smaller Dh. As the pH is decreased, the tertiary amino groups become protonated and 
hydrophilic, leading to the fully stretched PTEA dendrimer chains and a bigger 
diameter of the MNPs. 
 
The effect of pH on the surface potential of Fe3O4-g-G4-mannose MNPs in aqueous 
media was investigated by zeta potential measurements. As shown in Figure 6.8(b), the 
zeta potential of the MNPs decreases from 29.7 mV at pH 3 to 6.6 mV at pH 9, 
consistent with the pH-sensitive properties of the tertiary amino moieties. The 







Figure 6.8 (a) Hydrodynamic size distribution of the Fe3O4-g-G4-mannose MNPs in 
aqueous media of pH= 9 and pH=3, and (b) effect of pH on the zeta potential of 
Fe3O4-g-G4-mannose MNPs in aqueous media. 
 
6.3.6 Cytotoxicity of the MNPs 




Fe3O4-g-G4-mannose MNPs, the cytotoxicity of the MNPs was evaluated by 
determining the viability of macrophages (RAW 264.7) and 3T3 fibroblasts after 
incubation with the medium containing the MNPs. Figure 6.9 shows the 
dose-dependent viability of 3T3 fibroblasts and RAW macrophages after 24 h of 
incubation with the (a) Fe3O4-g-G4-mannose and (b) Fe3O4-g-G4 MNPs of 0.1, 0.2, 
0.5 and 1.0 mg/mL in concentrations. In all cases, the cell viabilities are above 90% 
and not significantly different from that in the control experiment (P> 0.05). Thus, the 
Fe3O4-g-G4 and Fe3O4-g-G4-mannose MNPs have very low cytotoxicity to both 
types of cells and are potentially useful as biomedical materials. 
 
6.3.7 Lectin-Induced Aggregation 
Carbohydrate-protein interactions are crucial in many biological processes, including 
tissue growth (Karlsson, 1995) and cell-cell communication (Oh et al., 2006). 
Molecular recognition of proteins by specific carbohydrate-protein interactions has 
gained considerable interest in recent years due to its importance in evaluating and 
designing protein-associated diagnostics and therapeutics (Mazumder and 
Mukhopadhyay, 2010, Pu et al., 2010, Shiyan and Bovin, 1997). The protein-binding 
ability of Fe3O4-g-G4-mannose MNPs was assessed using concanavalin A (ConA) 
and bovine serum albumin (BSA). The lectin ConA plays an important role in 
immunology, cell biology and biochemistry and has been used as diagnostic and 
therapeutic agent in cancer research (Arenas et al., 1999, Gorelik et al., 2001). The 
assays were performed in phosphate buffered silane (PBS, pH= 7.4) containing MnCl2 
(0.1 mM) and CaCl2 (0.1 mM). Figure 6.10 shows the UV-visible spectra of 
Fe3O4-g-G4-mannose MNPs in the presence of 0.1 µM ConA after 0 min, 15 min, 30 





Figure 6.9 Effect of the Fe3O4-g-G4-mannose MNPs on the viability of 3T3 
fibroblasts and RAW macrophage cells. 
 




et al., 2008). In addition, Figures 6.11(a) and 6.11(b) show the photographs of  
 
Figure 6.10 Effect of time on the UV-visible absorption spectra of PBS solutions of 
Fe3O4-g-G4-mannose MNPs in the presence of 0.1 µM of ConA. The inset shows the 
UV-visible absorption spectrum of 0.1 µM of free ConA in PBS. 
 
 
Figure 6.11 Photographs of PBS solutions of Fe3O4-g-G4-mannose MNPs (a) before 
and (b) after addition of 0.1 µM of ConA in the presence of a permanent magnet. (c)  
Schematic illustration of the binding and aggregation of Fe3O4-g-G4-mannose MNPs 
in the presence of ConA. 
 




respectively. In the absence of ConA, the Fe3O4-g-G4-mannose MNPs dispersed well 
in PBS without significant aggregation even in the presence of a permanent magnet for 
several days (Figure 6.11(a)). On the other hand, the Fe3O4-g-G4-mannose MNPs 
aggregated and precipitated 60 min after the addition of ConA (Figure 6.11(b)). In 
comparison, if the BSA was added to the Fe3O4-g-G4-mannose MNPs solution, no  
 
Figure 6.12 Photograph of PBS solution of Fe3O4-g-G4-mannose MNPs after addition 
of 0.1µM of BSA in the presence of a permanent magnet. 
 
significant particle aggregation was observed after 60 min (Figure 6.12), indicating the 
specific affinity of Fe3O4-g-G4-mannose MNPs for ConA. This selective binding 
ability of the particles can be attributed to the binding specificity between the lectin 
ConA and the mannose moieties coupled on the MNPs (Yonzon et al., 2004). Figure 
6.11(c) illustrates schematically the binding and aggregation of Fe3O4-g-G4-mannose 
MNPs in the presence of ConA. At pH> 7, ConA disperses as a tetramer (Senear and 
Teller, 1981) in an aqueous solution and have four binding sites for mannose residues. 
In this work, each ConA tetramer is able to bind up to four Fe3O4-g-G4-mannose 
MNPs in PBS (pH= 7.4). Since a Fe3O4-g-G4-mannose MNP has multiple mannose 
species, it can bind more than one ConA tetramer. Therefore, introducing ConA into 




particles. In addition, at pH> 7, ConA has net negative charges (Pu et al., 2010) and the 
Fe3O4-g-G4-mannose MNPs have positive surface charges (Figure 6.8(b)). The 
electrostatic interaction between the oppositely charged ConA and 
Fe3O4-g-G4-mannose MNP further enhances the coupling of the pairs. Thus, the 




Inorganic-organic hybrid magnetic nanoparticles (MNPs), consisting of a Fe3O4 core, a 
grafted dendritic poly(thiolester amine) (PTEA) shell and a mannose outer layer, have 
been synthesized via the inorganic sol-gel reaction, successive Michael addition 
reaction and thiol-yne click chemistry. The so-obtained Fe3O4-g-G4-mannose MNPs 
exhibit good solubility in an aqueous medium and are superparamagnetic, with a 
saturation magnetization (Ms) of 30.9 emu g-1. The Fe3O4-g-G4-mannose MNPs are 
also pH-sensitive, leading to a pH-responsive hydrodynamic size in the aqueous pH 
range of 3-9. The Fe3O4-g-G4-mannose MNPs, as well as the PTEA 
dendrimer-functionalized MNPs (Fe3O4-g-G4), do not exhibit significant cytotoxicity 
towards 3T3 fibroblasts and RAW macrophage cells after 24 h of incubation, 
suggesting their good biocompatibility. In addition, the Fe3O4-g-G4-mannose MNPs 
show specific binding ability to concanavalin A (ConA), indicating their potential 
application as lectin separation or recognition agents. The “metal-free” synthesis 
method of successive Michael addition reaction and thiol-yne click chemistry can be 
applied for the functionalization of different substrates with PTEA dendrimers and 






Chapter 7  
 
 






The present research work has attempted to develop alternative methods to prepare 
stimuli-responsive polymer based nanospheres, which provide potential applications 
such as optical sensors, controlled drug storage and delivery, cell imaging and protein 
recognation. The combined fabrication techniques, including free radical 
polymerization, atom transfer radical polymerization (ATRP), inorganic sol-gel 
reaction, copper (I)-catalyzed alkyne-azide click reation and “metal-free” thiol-yne 
click reaction have been successfully developed to synthesize stimuli-responsive 
polymer based nanoparticles.  
 
First of all, a series of well-defined fluorescent and pH-sensitive comb-like graft 
copolymers, poly((N-vinylcarbazole)-co-(4-vinylbenzyl 
chloride))-comb-poly(((2-dimethylamino)ethyl methacrylate)-co-poly(acrylic acid)) 
(P(NVK-co-VBC)-comb-P(DMAEMA-co-AAc)) were synthesized. The 
P(NVK-co-VBC) copolymer backbone were prepared via free radical polymerization. 
The P(DMAEMA-co-AAc) copolymer side chains were synthesized via graft atom 
transfer radical polymerization (ATRP) of DMAEMA and tert-butyl acrylate (tBA), 
followed by the hydrolysis of the tert-butyl groups of the tBA units. The graft 
compolymers can self-assemble into “onion-like” multiwalled hollow nanospheres 
with pH-responsive properties in aqueous media. In addition to the unique molecular 
architecture, the copolymer nanospheres exhibit reversible pH-dependence in size and 
fluorescence intensity in aqueous media. The morphology of the polymeric 
nanospheres can be tuned by pH of the medium, the length of the hydrophilic 
copolymer side chains, and the concentration of the graft copolymer solution. In 




from the comb-like graft copolymer 
P(NVK-co-VBC)-comb-P(NIPAAm-co-DMAEMA) (NIPAAm= 
N-isopropylacrylamide) are single-shelled due to the absence of acid-base side chain 
interaction. After that, a series of pH- and temperature-responsive 
P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) (MPS= 3-(trimethoxysilyl)propyl 
methacrylate) comb-like graft copolymers were synthesized. These 
P(NVK-co-VBC)-comb-P(DMAEMA-co-MPS) graft copolymer can self-assemble 
into responsive hollow nanospheres. Gelation of the MPS units has formed a 
crosslinking polysilsesquioxane network in the shell of hollow nanospheres and 
produces the shape-stable hybrid hollow nanostructures. In addition to the well-defined 
molecular architecture and morphology, the hybrid nanospheres also exhibit reversible 
pH- and temperature-dependence in fluorescence intensity in aqueous media. 
 
Next, pH- and temperature-responsive fluorescent P(DMAEMA-co-4VP) (4VP= 
4-vinyl pyridine) copolymers have been successfully prepared via ATRP and were 
subsequently grafted on the surface of mesoporous silica nanoparticles (MSNs) via 
alkyne-azide “click chemistry”, giving rise to stimuli-responsive fluorescent 
mesoporous nanoparticles. In aqueous media, the pre-synthesized 
P(DMAEMA-co-4VP) copolymers exhibit dual-sensitivity as controllable switching in 
fluorescence intensity. In addition, in the in vitro controlled release experiments, the 
P(DMAEMA-co-4VP) copolymer-grafted MSNs showed “stimuli-responsive 
controlled release” and “zero-premature release” behavior. In this drug release system, 
the MSN core acts as the drug carrier and the grafted pH- and temperature-responsive 
fluorescent copolymer brushes on the MSN play a role of molecular switches for 





Subsequently, multifunctional hybrid magnetic nanoparticles (MNPs), comprising a 
Fe3O4 core, a silica inner shell and dendritic poly(ester amine) (PEA) outer shell, have 
been synthesized via the inorganic sol-gel reaction, and successive Michael addition 
reaction and alkyne-azide click chemistry. The so-obtained PEA 
dendrimer-functionalized MNPs are superparamagnetic and the dendritic polymer 
layer endows the hybrid nanoparticles with pH-sensitivity and aqueous dispersibility, 
giving rise to their potential applications for magnetic resonance imaging (MRI) 
contrasts enhancement, hyperthermia and drug delivery. The PEA 
dendrimer-functionalized MNPs also have good biocompatibility with very low 
cytotoxicity to 3T3 fibroblasts and RAW macrophages. In addition, the preservation of 
alkyne-terminated groups in the grafted PEA dendrimers allows further 
functionalization of the MNPs via alkyne-azide click reaction for multipurpose 
applications. 
 
Finally, “metal-free” thiol-yne click chemistry was utilized to synthesize 
inorganic-organic hybrid MNPs. The Fe3O4 MNPs was first coated with an 
amine-terminated silica shell via inorganic sol-gel reaction, and then grafted with 
poly(thiolester amine) (PTEA) dendrimer via the alternating Michael addition and 
thiol-yne click chemistry. The perserved alkyne groups endow the PTEA 
dendrimer-grafted MNPs with the ability to couple other functional species, for 
example, mannose groups, on their surfaces for multipurpose applications. The 
resultant PTEA dendrimer-grafted MNPs have pH-sensitivity and superparamagnetism, 
as well as good biocompatibility. In addition, the clicked mannose species endow the 




biomaterial applications as lectin recognition agents. 
 
7.2 Recommendations for Future Research 
The present research work has focused on investigating a series of multifunctional 
stimuli-responsive polymer based nanoparticles. The synthesized nanoparticles have 
different nanostructures, such as “onion-like” hollow vesicles, inorganic core-organic 
shell nanospheres and metal-silica-polymer magnetic nanoparticles. This work 
provides an alternative to prepare nanoparticles with desired surface properties and 
functionalities with stimuli-responsive polymers. Following the work in this thesis, 
some related research works are recommended to be carried out in the future.  
 
The most attractive application for stimuli-responsive nanoparticles is as carriers for 
drug and gene delivery. In the optimization of therapy, in particular, for 
pharmacotherapy, target-specific delivery is highly recommended (Mitragotri et al., 
2011, Wijagkanalan et al., 2011). By coupling of targeting agents, responsive 
nanocarriers can become active delivery systems, rather than passive carrier, providing 
a versatile opportunity for targeting drug and gene delivery. For example, folic acid 
(FA), whose receptor is overexpressed on the surface of many human tumor cells, has 
been studied extensively as a targeting agent for cancer cells. Grafting of FA species on 
responsive nanocarriers can offer active targeting delivery systems, giving rise to 
increasing delivery efficacy to cancer cells and reduced drug toxicity to healthy cells. 
In addition, as cancer cells have an acidic pH (about 6.9) whereas healthy cells have a 
slightly alkaline pH (about 7.4), pH-sensitive polymer based nanocarriers are favorite 
systems for anticancer drug delivery. Thus, developing new core-shell pH-responsive 




be cancer targeting agents-functionalized biocompatible pH-responsive polymers and 
the nanocore could be air (hollow nanoparticles), MSNs, MNPs and magnetic 
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